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This thesis examines the response of air pollutant emissions, water use and carbon 
emissions from electric power supply systems (electrical grids) to market forces and 
natural and human disruptions. Specifically, the response of electrical grid operation 
decisions to emissions pricing and other factors, such as drought restrictions, is 
examined.  The grid of the Electricity Reliability Council of Texas (ERCOT) is used as a 
source of data, and as a spatial and temporal test-bed.  
Price signals for NOx emissions have the potential to reduce NOx emissions from 
the ERCOT grid by up to 50%. In addition to lowering NOx, there are co-benefits to 
introducing NOx prices, including reductions in the emissions of SOx (24.9% to 70.9%), 
Hg (16.8% to 81.3%) and CO2 (8.7% to 21.1%). Water consumption was also decreased 
by 4.3% to 8.2%.  The costs of redispatching electricity generation to reduce NOx 
 vii 
emissions are, in many scenarios, comparable to conventional control costs. Higher CO2 
prices produce many of the same changes in electricity generation as increases in NOx 
prices, but the simultaneous application of NOx and CO2 pricing produces complex 
effects.  
Under stress, such as drought induced water scarcity, dispatching decisions have 
the potential to increase water availability in regions in which drought is a concern. This 
dispatching had relatively small impacts on total water consumption summed over all 
regions of the ERCOT grid.  However, the dispatching scenarios resulted in net increases 
in NOx, SOx, and CO2 emissions rates summed over all regions of the grid, particularly 
in regions that were absorbing the electricity generation that was exported out of the 
drought impacted regions.  The costs of electricity dispatching, per volume of water 
consumption reduced in the drought impacted region,  was generally greater than the cost 
of implementing dry cooling in the same facilities at high electricity demand levels, but 
comparable to dry cooling at low to moderate demand levels.   
Finally, while changes in total emissions can be used as a surrogate for air quality 
impacts, actual changes in air pollutant concentrations, such as ozone, exhibit complex 
spatial and temporal patterns in response to redispatching, including the creation of hot 
spots of elevated concentrations. 
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CHAPTER 1: Introduction 
Concern over the ability of natural resources and environmental systems to 
support the needs and wants of global populations, now and in the future, is part of an 
emerging awareness of the concept of sustainability. Earth Summits in Rio de Janeiro 
(1992) and Johannesburg (2002) have sought to address and define sustainability, and 
many approaches for defining sustainability within the context of economic development 
are emerging. For example, Goodland and Daly (1996) defined sustainable development 
as economic activity accomplished without increment in throughput of matter and energy 
beyond‎the‎biosphere’s‎limits‎for‎regeneration‎and‎waste‎absorption.‎ In‎moving‎beyond‎
definition to action, one initial focus will be energy systems. Developing sustainable 
energy systems is, in many ways, a central problem in sustainable development. Global 
energy systems use large amounts of natural resources, and result in intensive water use, 
waste production and air quality impacts (Cuddihy et al. 2005). This research examines 
methods for making energy systems, particularly electricity generation systems, more 
sustainable.  
1.1 SUSTAINABLE ELECTRICITY GENERATION SYSTEMS 
Energy production mechanisms that are environmentally sustainable and 
economically competitive are a priority worldwide. Improving the sustainability of 
energy requires changes not only in energy supply approaches, such as renewable energy 
technologies and energy efficiency, but also in the energy infrastructure and the ways in 
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which energy is transformed into usable and transportable forms. Systems for electricity 
generation, in particular, provide opportunities for reducing emissions, water use and 
primary energy consumption. 
1.1.1 The structure of electrical grids 
The reliability, sustainability and efficiency of electricity systems depends on the 
structure of the electrical grid. Electrical grids are complicated systems, and their 
operation is strongly influenced by grid capacity and transmission system constraints. 
This research focuses on the structure of the Electric Reliability Council of Texas 
(ERCOT) grid network as a case study. The current ERCOT network manages the flow 
of electric power to Texas through hundreds of electricity generation units, meeting 
demands associated with rural and urban populations totaling approximately 25 million 
people (ERCOT, 2011). More detail about the ERCOT grid network is presented in 
Chapter 3.    
A central concept to be explored in this research is the extent to which electricity 
dispatching (which Electricity Generating Units (EGUs) are generating power) can 
influence the environmental footprints of electricity generation in ERCOT.  The extent to 
which dispatching can occur depends on demand, available capacity, and transmission 
capabilities. Electricity demand at night is usually low, creating flexibility in electricity 
generation dispatching. This flexibility tends to decrease as loads increase. However, 
even at the maximum summer peak load in ERCOT, there is still availability in the grid 
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to support dispatching decisions because ERCOT has sufficient capacity to meet the load. 
For example, in 2011 ERCOT grid demand reached a peak of 68.4 GW, while 74 GW of 
installed capacity was available as of the end of that year (Constraints and needs report, 
ERCOT, 2006). Figure 1-1 shows the demand and generation pattern for the highest 
summer day load in ERCOT grid in 2011. 
 
Figure ‎1-1: ERCOT load and generation by fuel type, on the maximum peak load day in 
2011. Source: ERCOT, 2011. 
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1.1.2 Air Quality Impacts – Criteria Air pollutants and Air Toxics 
Energy infrastructures, particularly electricity generating units (EGUs), or power 
plants, are major sources of air pollutants directly emitted into the atmosphere, such as 
nitrogen oxides (NOx), volatile organic compounds (VOC), sulfur dioxide (SO2) and 
mercury (Hg). Power plants are responsible for 21% of total NOx emissions in the United 
States. In addition, mercury from coal-fired power plants accounts for approximately 
40% percent of total mercury emissions nationwide.  
These direct emissions of EGUs are commonly referred to as primary pollutants, 
however, the primary pollutants can subsequently react in the atmosphere to form 
secondary pollutants, such as ozone, and certain types of particulate matter.  EGU 
emissions of nitrogen oxides (NOx) and volatile organic compounds (VOC) play an 
important role in ozone formation. Ozone formation is a nonlinear process in which 
ozone is produced from the reaction of NOx and VOC in the presence of sunlight 
(Seinfeld and Pandis 2006). 
NO + VOCs + O2 + Sunlight  NO2 + O3 
Exposure to ozone can result in a number of health effects such as asthma, 
respiratory irritation, cardiovascular illness and decline in lung function (Gilliland 2009; 
Yang and Omaye 2009; Lin et al. 2008; U.S. EPA 2006a; Bell et al. 2004; Devlin et al. 
1997). Numerous epidemiological studies have been conducted to assess the impacts of 
population exposure to ozone.  Increases in daily ozone concentrations have been linked 
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with increases in daily mortality rates and cardiovascular and respiratory mortality rates, 
regionally and worldwide (Bell et al. 2005; Ito et al. 2005; Gryparis et al. 2004).  
The Environmental Protection Agency (EPA) has set standards and guidelines for 
outdoor ozone levels. These EPA standards are not to be exceeded in order to protect 
human health and public welfare. In 1997, the EPA set the National Ambient Air Quality 
Standard (NAAQS) for O3 as 0.08 parts per million (ppm), the 3-year average of the 
fourth-highest daily maximum 8-hour average ozone concentrations measured at each 
monitor within an area over each year (EPA 1997). The level of the NAAQS for ozone 
was subsequently lowered to 0.075 ppm, and lowering the standard even further has been 
considered (CASAC 2011).  
The process of ozone formation depends greatly on location, time and 
meteorological conditions; Mauzerall (2005) has shown that the same emission rate of 
NOx results in different amounts of ozone formed based on weather conditions. For 
EGUs, shifting electricity generation to facilities that are in locations that will minimize 
the formation of pollutants has the potential to improve the sustainability of energy 
infrastructures.  
EGUs, particularly those using coal as fuel, also generate emissions of SO2, which 
can be oxidized in the atmosphere to produce particulate sulfate.  As with ozone, the 
extent of sulfate formation, as a secondary pollutant, depends on the time and location of 
6 
 
the EGU emissions and the corresponding atmospheric conditions.  Therefore, as with 
ozone, shifting electricity generation to facilities that are in locations that will minimize 
the formation of sulfates has the potential to reduce the environmental impact of EGUs.   
1.1.3 Air Quality Impacts – Greenhouse Gases (GHG):  
According to the Fifth U.S. Climate Action Report, greenhouse gas emissions in 
the United States increased in 2007 by 17% compared to 1990 levels, and by 1.4% 
compared to 2006 levels (U.S. Climate Action Report 2010). Nationwide, carbon dioxide 
(CO2) emissions from fossil fuel combustion are the largest source of greenhouse gases, 
and accounted for 80.2% of U.S. greenhouse gas emissions. CO2 emissions increased by 
21.8% from 1990 to 2007, with the average annual rate increasing 1.3% over the 17-year 
period. In 2007, CO2 emissions from electricity generation sector accounted for 33.7% of 
total U.S. greenhouse gas emissions (U.S. Climate Action Report 2010).  
Based on the Fifth U.S. Climate Action Report, greenhouse gas emissions are 
expected to increase by 4% from 2005 to 2020. Consequently, the American Clean 
Energy and Security Act of 2009 called for a 17% reduction of greenhouse gas emissions 
by 2020 in order to improve regional and urban air quality (Congress 2009). Power plants 
primarily rely on nuclear, coal and natural gas fuels to meet electricity requirements 
(Energy Information Administration  2008), however, coal, nuclear and natural gas-fired 
EGUs have very different greenhouse gas footprints per unit of electricity generated. 
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Therefore, just as for air quality, changes in electricity production dispatching could 
significantly modify CO2 emissions.   
1.1.4  Environmental Impacts Due to Water Use:  
The thermoelectric power industry impacts water resources due to high water 
demand for cooling and condensing the steam generated in the boilers. Power plants also 
use water for other purposes such as flue gas desulfurization. Water use by the electric 
power industry is increasing, while water resources are becoming more limited. 
Nationwide, power plants and agriculture are the greatest water users.  According to the 
United States Geological Survey (USGS), in 2005, thermoelectric power plants were 
responsible for 41% of the freshwater withdrawn, followed by 37% for agricultural 
irrigation. The total amount of water withdrawn for thermoelectric power plants, 
excluding hydroelectric power plants, was 201,000 million gallons per day (Mgal/d), 
nearly all of which was surface water (Kenny et al. 2009).  
The type of power plant and the design of its cooling system affect the volume of 
water consumed and withdrawn. There are mainly two categories of cooling systems 
employed in thermoelectric power plants: open loop or once through and closed loop. A 
closed loop system consumes (evaporates) almost double that of open loop, while an 
open loop system withdraws (and returns) more water by approximately 2 orders of 
magnitude (U.S. Department of Energy 2006). Some power plants use air-cooling 
systems to reduce water consumption and withdrawal; however, this technology causes a 
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drop in the efficiency of the electric power plant, and also adds 5-13% more capital cost  
(Maulbetsch and DiFilippo, 2006).    
New alternative water cooling technologies based on cooling water recirculation 
are being adopted in power plants to reduce the quantity of water use. The U.S. 
Department of Energy (DoE) expects that in 2030, the water withdrawn could fall to 4–
23% less than the 2005 level, if this trend continues (National Energy Technology 
Laboratory 2009). This trend will decrease the water withdrawn; however, it will increase 
water consumption, which accounts for 3% of total water consumed in the U.S. (National 
Energy Technology Laboratory 2009; Hutson et al., 2004).  The technologies used for 
water management at EGUs will differ from facility to facility, and so, once again, 
dispatching of electric power generation has the potential to reduce overall water 
consumption. 
1.1.5 Examining trade-offs between, air quality, water use, carbon emissions and 
costs:  
The primary focus of this thesis is to explore and evaluate alternative electricity 
generation patterns (through dispatching) and their impact on air quality, water use, 
carbon emissions and costs in the existing ERCOT grid network. As the previous sections 
have made clear, dispatching can lead to reductions in individual impacts, however, the 
behavior of electricity generation systems is complex, and there are trade-offs between 
air quality, greenhouse gases, water availability and energy supply. Meeting these criteria 
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simultaneously is a challenge as minimizing one criterion does not necessarily mean 
corresponding reductions in others. That is, dispatching electric power generation away 
from EGUs with NOx emissions that produce extensive ozone (in regions with high 
VOC), can reduce ozone concentrations, however, does not necessarily guarantee 
reduction in water use or carbon emissions.  A central goal of this research will be to 
characterize and define potential responses to these trade-offs. 
1.2 RESEARCH OBJECTIVE:  
The overall objectives of this study are to: 
1. Assess the possibility of using market-oriented price signals for NOx 
emissions to achieve NOx emission reductions from Electricity Generating 
Units (EGUs), using the reductions proposed under the Cross-State Air 
Pollution Rule (CSAPR) as a benchmark. 
2. Evaluate the impacts of dispatching generation from high NOx emitting 
facilities to low NOx emitting facilitates on the emissions of SOx, Hg and 
CO2 as well as water consumption. 
3. Expand the use of market-based dispatching to include the imposition of 
higher CO2 emissions prices (alone and in combination with NOx 
emissions prices), and examine the inter-related impacts that result from 
such dispatching on NOx, CO2, SOx and Hg emissions and water use.   
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4. Assess the trade-offs between air pollution emissions, secondary air 
pollutant formation (ozone concentration), carbon emissions and water use 
for the current design of the electrical grid in Texas. 
5. Assess the sensitivity of the ERCOT grid to emission price signals 
(reductions in emissions and water consumption that result from 
environmental dispatching) at different levels of electricity demands. 
6. Assess the extent to which natural stresses (e.g., drought) impact the 
performance of electricity generation systems. 
Interdependent engineering models of air quality and water resources are 
integrated with an electric power system model to examine the sustainability of target 
EGU infrastructures under a series of challenges. This work is the first integrated 
examination of air quality, water use and carbon emissions in a transmission and demand 
constrained grid. Therefore, the results of this study provide new strategies for improving 
the sustainability of electrical infrastructures by managing the impact on air quality and 
water use.  
1.3 DISSERTATION STRUCTURE:  
Chapter 2 of this work reviews the existing literature on the role of energy 
infrastructures on ozone formation and greenhouse gas emissions, as well as the water 
demand associated with energy infrastructures, and potential air quality benefits of 
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electricity generation redispatch. The framework for the modeling analysis and the results 
and discussion of the research tasks are described in the following five chapters, which, 
in addition to appearing in this thesis, have been submitted for publication in scientific 
journals (chapters 3 and Appendix D have been published, chapters 4 and 7 have been 
prepared for publication, and the others are to be submitted). Chapter 3 describes the 
potential of using market-based dispatching with environmental signals for NOx 
emissions to reduce emissions and water use in the Texas grid. Chapter 4 assesses the 
sensitivity of environmental dispatching to different levels of daily demand. Chapter 5 
examines the trade-offs between NOx and CO2 emissions when imposing higher CO2 
prices in addition to NOx prices on the same day modeled in chapter 3, which is a 
moderately high generation day. Appendix D expands the analyses in chapter 5 and 
simulates the highest demand day in 2008 as a case study to assess the limits of both 
benefits and trade-offs that could be achieved by imposing higher environmental signals. 
Chapter 6 uses a three-dimensional Eulerian photochemical grid model (CAMx) to 
estimate the changes in ozone concentrations associated with applying NOx emission 
trading programs and across-the-board NOx reductions on the Texas grid. Chapter 7 
assesses the ability of the grid to simultaneously meet water use, air quality and carbon 
emission reductions under natural stress such as water scarcity due to heat waves and 
drought. Finally Chapter 8 discusses the implications of the results and summarizes the 
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main findings for Texas air quality and water use. Chapter 8 also provides 
recommendations that could be explored in future work.  
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CHAPTER 2: Background and Literature Review 
This chapter begins with a brief summary of the extensive literature on the 
impacts of electricity generation systems on air quality, their health impacts, and water 
demand. This is followed by a review on the emerging literature on emission trading and 
environmental dispatching in electricity generation systems. 
2.1 HUMAN HEALTH AND ENVIRONMENTAL EFFECTS OF EMISSIONS FROM 
ELECTRICITY GENERATION SYSTEMS:  
Because of their significant contribution to air pollutants emitted into the 
atmosphere, such as sulfur dioxide (SO2), nitrogen oxide (NOx) and mercury (Hg), 
electricity generation systems have been linked with a variety of health and 
environmental issues. Power plants contribute 63% of SO2 emissions in the United States, 
which react with oxidizing species in the atmosphere and form fine particles (EPA 2002). 
Power plants contribute 22% of NOx emissions, which react with VOC in the presence of 
sunlight to form ground-level ozone (EPA 2002). In addition, power plants are 
responsible for 37% of man-made Hg emissions into the atmosphere (EPA, 2002). These 
pollutants have been associated with adverse human health and environmental effects 
such as increasing incidence of premature death, increasing respiratory related hospital 
admissions, reduction in lung function, asthma, degradation of visibility, increasing 
regional haze, and more. 
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2.1.1 Effects of Ground-Level Ozone Concentrations (O3):  
Epidemiological and toxicological studies have investigated the impacts of 
ground-level ozone exposure to human health. Exposure to high levels of ozone has been 
linked with adverse human health effects, which include: decreased lung function, 
asthma, respiratory irritation, and an increase in cardiovascular illness.  
In‎ response‎ to‎ EPA’s‎ reconsideration‎ of‎ the‎ National‎ Ambient‎ Air‎ Quality‎
Standard (NAAQS) for ozone, the Clean Air Scientific Advisory Committee (CASAC), 
an advisory committee established under the Clean Air Act, has reviewed numerous 
epidemiological studies of human health effects associated with ambient ozone exposure 
(CASAC, 2011; EPA, 2006a). Based on the results of these studies, CASAC indicated 
that sufficient evidence strongly links ambient ozone concentrations to adverse health 
effects (CASAC, 2011).  
An example of the time-series studies reviewed by CASAC is Bell et al. (2004). 
In this study, Bell et al. (2004) examined the association between short-term exposure to 
outdoor ozone and the mortality rate in 40% of the total United States population using a 
19-year time-series analysis. The study indicated that a 10 ppb increase in ozone 
concentration was linked with 0.64% increase in cardiovascular and respiratory mortality 
and 0.52% increase in daily non-injury related mortality rate.   
CASAC also reviewed multi-city studies, and in one of these studies Bell et al. 
(2007) examined the association between climate change, ambient ozone concentrations 
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and subsequent human health impacts in the 2050s across 50 U.S. cities. The study used 
the Intergovernmental Panel on Climate Change (IPCC) A2 emissions scenario to predict 
future climate changes. Bell et al. estimated the future average daily increase in 
maximum 1-hour ozone concentrations to be 4.8 ppb. The corresponding increase in daily 
total premature mortality rate associated with the elevated ozone concentrations would be 
0.11% to 0.27%.  
After reviewing the evidence from controlled human and epidemiological studies, 
CASAC recommended the selection of a more stringent primary ozone standard within 
the range of 60 to 70 ppb to protect public health with an adequate margin of safety 
(CASAC, 2011).  
CASAC has not yet completed review of studies post 2006. However, the results 
of recent studies were consistent with those of the earlier studies on the effects of ambient 
ozone exposure. For example, in 2008, Lin et al. (2008) investigated the association 
between childhood asthma admissions with chronic exposure to high ozone 
concentrations. The study followed a cohort of children born between 1995 and 1999 and 
ambient maximum daily 8-hour ozone concentrations in New York State. The analysis 
showed that asthma admissions were significant and positively linked with high levels of 
ambient ozone concentrations.  
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Another study estimated the global burden of mortality due to anthropogenic 
ground-level ozone and fine particulate matter (less than 2.5 µm) PM2.5. Anenberg et al. 
(2010) used a global atmospheric chemical transport model (CTM) to examine the 
exposure to both ozone and PM2.5 because of its ability to simulate human mortality in 
areas where air quality measurements are sparse. The study showed that anthropogenic 
O3 was associated with 1.1% ± 0.5% of all respiratory mortalities worldwide annually. 
Also, the study showed that anthropogenic PM2.5 result in 5.6% ± 1.4% and 0.4% ± 0.1%  
of all cardiopulmonary and lung cancer mortalities, respectively, every year.  
2.1.2 Effects of Nitrogen Oxides (NOx):  
Nitrogen oxides (NOx) are responsible for many human health impacts, such as 
mortality and serious respiratory illness, because of their potential role in ground level 
ozone formation. Also, NOx emissions contribute to acid deposition which affects 
ecosystems by increasing the acidity of surface water through wet or dry deposition (EPA 
2002). NOx emissions also contribute to fine particulate matter pollution (PM2.5) such as 
particulate nitrate (NO3) which can decrease visibility (regional haze). For example 
nitrate accounts for 5% to 45% of visibility issues in the western United States (EPA 
2002).  
There has been a debate in the literature about whether NO2 can be considered as 
an independent health risk when it is differentiated from other‎ ambient‎ air‎ pollutants’‎
impacts. For example, Burnett et al. (2004) investigated the association between different 
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NO2 concentrations and mortality rates in 12 Canadian cities during a 19-year period 
(from 1982 to 1999) using parametric statistical methods. These cities were selected 
because of the abundance of outdoor pollution monitoring data. The results indicated that 
there was a significant association between ambient NO2 concentrations and non-injury 
mortality rates. The association was insensitive to adjustment for O3, SO2 and CO, while 
sensitive to PM2.5.   
Also, Stieb et al. (2002) analyzed more than 100 daily time-series studies of air 
pollution and mortality worldwide. Among other atmospheric pollutants such as: PM, 
SO2, O3 and CO, the exposure to NO2 had the greatest attributable risk for mortality. 
However, the attributable risk was adjusted with exposure to other ambient air pollutants 
and resulted in less-significant association between NO2 and mortality.  
These results are consistent with those from Hackney et al. (1978) which found 
that there were no short-term significant physiological effects when adults were exposed 
to NO2, in which Hackney et al. used pulmonary physiological tests to assess the 
exposure to NO2.  Regardless of the direct impact on human health of NO2, however, 
NOx emissions from electricity generation are precursors for both ozone and particulate 
matter, which have well documented health impacts. 
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2.1.3 Effects of Particulate Matter (PM): 
Particulate matter is both emitted directly (primary emissions) and formed in the 
atmosphere through the reactions of sulfur dioxide (SO2), NOx, and hydrocarbons.    
Electric power generation is a major source of SO2, contributing 63% of the total U.S. 
emissions in the early part of this decade (EPA 2002), and likely a larger fraction (but 
smaller absolute amount) now due to the reduction of sulfur in diesel fuels. Elevated 
particulate matter concentrations have been shown to be associated with increased 
premature deaths, decreased lung function and increased respiratory and cardiovascular 
illness.  
CASAC‎ has‎ recently‎ reviewed‎ the‎ EPA’s‎ Integrated Science Assessment for 
Particulate Matter (PM) report (EPA, 2009b), and commented on the evidence of health 
effects associated with exposures to PM (CASAC, 2009). The EPA report included 
toxicology, human clinical studies and epidemiological studies to evaluate health effects 
evidence for both short-term and long-term exposures to PM. CASAC found that the 
evidence from these studies strongly supports the relation between acute and chronic 
health impacts of PM and short-term and long-terms exposures. In addition to human 
health effects, the EPA report also showed evidence of the effects of PM on welfare. 
These include visibility, ecosystems, materials, and climate.  
One of the key studies that was reviewed by CASAC was the American Cancer 
Society (ACS) analysis. In this study, Pope et al. (2002) assessed the long-term effects of 
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PM2.5 exposure on lung cancer, and cardiopulmonary mortality by following a cohort of 
500,000 adults over a period of 16 years. The study linked the risk factors data with air 
pollution data and cause of death data throughout the United States. The results addressed 
the association between long-term exposure to PM2.5 and premature mortality in which 
each 10 µg/m
3
 increase in PM2.5 was linked with a 6% and 8% increase in 
cardiopulmonary and lung cancer mortality risks, respectively. 
In addition to the ACS analyses, the impacts of PM10 on daily mortality rates 
based on cross cities analysis (Samet et al. 2000) were also reviewed by CASAC. The 
study showed consistent evidence of the relationship between elevated PM10 levels and 
premature mortality rates in 20 U.S. cities from 1987 to 1994. Each 10 µg/m
3
 elevation in 
PM10 was associated with approximately a 0.51%, and 0.68% increase in the relative rate 
of death from all causes and cardiovascular and respiratory causes respectively.  
The results of this study were consistent with those of the Samoli et al. (2008) 
multi-city study. Samoli et al. (2008) used the‎“Combined European and North American 
Approach (APHENA)” study to investigate the air pollution risk of PM10 on human 
health. The study included ambient air pollution data from 90 U.S. cities, 22 European 
cities and 12 Canadian cities. PM10 was positively associated with increased total 
mortality in all three regions. The mortality risk estimates from Europe and the United 
states were almost the same, but greater in Canada. The effects of PM10 on all-cause 
mortality ranged from 0.2% to 0.6% for each 10 µg/m
3
 increase in PM10. 
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Using health impact functions based on long term relative risk estimates, 
Anenberg et al. (2010) found that the difference in PM2.5 concentrations between its 
levels in 2000 and preindustrial levels was linked with 3.5 ± 0.9 million cardiopulmonary 
and 220,000 ± 80,000 lung cancer mortalities annually worldwide 
2.2 IMPACTS OF ELECTRICITY GENERATION SYSTEMS ON WATER:  
Electricity generation is currently responsible for 41% of water withdrawals in the 
United States (2.5% of consumption) and this water demand is expected to grow (Kenny 
et al. 2009 and Solley et al. 1998). The Energy Information Administration expected 
thermoelectric power capacity to grow by 6% between 2010 and 2035 (Annual Energy 
Outlook (AEO), EIA 2010). In Texas, the Electric Reliability Council of Texas (ERCOT) 
predicted an annual electricity growth rate of 1.8% until 2018 (ERCOT 2008). Therefore, 
the quantities of water used by electric power industries are of great concern, especially 
when drought becomes an issue. Thermoelectric power generation will compete with 
other sectors such as irrigation, domestic use, and industry for water resources, and 
meeting demand will be a challenge. Even obtaining updated information on water use in 
power generation will be challenging; according to the United States General Accounting 
Office (GAO), water availability for power generation has not been comprehensively 
assessed in 25 years (GAO, 2003).    
Under the Clean Water Act, the Environmental Protection Agency (EPA) is 
required to ensure the use of the best cooling technology in electric generation utilities to 
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minimize environmental impacts and water use. In addition, The Department of Energy 
(DoE) and the National Energy Technology Laboratory (NETL) are conducting efforts to 
create and provide new technologies for improving the environmental performance for 
existing thermoelectric power plants by reducing water withdrawal and consumption 
(NETL 2010).  An alternative cooling technology that has drawn attention as a water-
conserving cooling technology is dry cooling. Dry cooling uses an air-cooled condenser 
to reduce water consumption. However, dry cooling is not efficient during hot weather, 
and it has higher capital cost than water-based cooling systems (Maulbetsch and 
DiFilippo, 2006). Other alternative cooling technologies are hybrid cooling systems such 
as the Wet Surface Air Cooler (WSAC) or the evaporative condenser (Electric Power 
Research Institute (EPRI), 2002). Hybrid dry/wet cooling systems have the ability to 
switch to water-based cooling system at high temperatures. This technology could 
improve the performance of power plants and reduce water consumption by maximizing 
heat transfer efficiency.  
Another method for matching water availability and demand, that is examined in 
this thesis,‎ is‎ smart‎ electrical‎ generation‎ dispatching‎ schemes‎ or‎ “Smart‎ Trading‎
Schemes”, that is, shifting generation away from water-intensive electric generation units 
in regions where drought is a concern, while managing the impacts of atmospheric 
emissions and satisfying the electricity demand.  
22 
 
2.3 IMPACTS OF ELECTRICITY GENERATION SYSTEMS ON CLIMATE CHANGE AND 
GLOBAL WARMING: 
Electricity generation systems make significant contributions to climate change 
and global warming because of their Greenhouse Gases (GHG) emissions.  
Greenhouse Gases (GHG) emissions in the United States increased in 2007 by 
17% compared to 1990 levels and by 0.6% compared to 2005 levels.   Carbon dioxide 
(CO2) accounted for 85.4 % of the total GHG emissions in 2007 (U.S. Climate Action 
Report 2010). Most electric power generation relies on fossil fuels to meet the demand 
for electricity (EIA, 2008). In the United States, carbon dioxide (CO2) emissions due to 
fossil fuel combustion are the greatest source of greenhouse gases, and account for 80.2% 
of the total GHG emissions nationwide (U.S. Climate Action Report 2010). Electricity 
generation contributes 39% of the total CO2 emissions and 33.3% of the total GHG 
emissions (U.S. Climate Action Report 2010).   
One approach to reduce GHG emissions from electricity generation utilities is to 
permit a trading of GHG emissions. There are a number of GHG emissions trading 
programs regionally and nationwide (Hammons 2005).  For example, the United 
Kingdom (UK) started a voluntary, incentivized GHG emissions trading program in 2002 
under the UK Climate Change Program. The program, called The UK Emission Trading 
Scheme (UK ETS) sets a cap on six greenhouse gases (Smith and Swierzbinski 2007). 
The target of the program was to reduce the baseline GHG emissions for 33 participants 
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by 13% (which is equal to 4.03 out of 30.5 million ton carbon dioxide equivalent). At the 
end of the second year, the participants achieved a reduction of 9.8 million ton carbon 
dioxide equivalent compared to their baseline emissions; all participants met or exceeded 
their targets (The UK National Audit Office 2004). However, the emission trading 
scheme ended in 2007 when the participants moved into the EU emissions trading 
scheme.    
In the United States, the ten Northeastern and Mid-Atlantic States have led efforts 
to limit GHG emissions by implementing The Regional Greenhouse Gas Initiative 
(RGGI) (the RGG Initiative 2007). The RGGI CO2 Budget Trading Program is a 
mandatory market-based CO2 cap-and-trade program to reduce GHG emissions; CO2 
emissions from electric power generation are to be reduced 10% by 2018. The policy 
requires fossil-fuel-powered utilities that generate greater than 25 MW to comply with 
the program through allowances that are distributed by auctions.      
Recently, The Environmental Protection Agency (EPA) has provided an 
assessment of the reductions in GHG emissions that could be achieved under the 
provisions of‎ “Waxman-Markey Discussion Draft of the American Clean Energy and 
Security Act of 2009”‎(WM‎Draft)‎(EPA,‎2009).‎Among‎the‎objectives‎of‎the‎WM‎Draft‎
were to reduce GHG emissions by establishing an economy wide cap-and-trade program 
that covers 85% of total U.S. GHG emissions. The EPA assessment found that this policy 
could reduce GHG emissions by 10% in 2025 compared to 2010 levels from the 
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electricity sector alone. On the other hand, not applying this policy is projected to lead to 
an increase in GHG emissions by 9% over the same period of time. The EPA estimated 
the allowance price to be from $13 to $17 per metric ton of CO2 equivalent in 2015 and 
from $17 to $22 per metric ton of CO2 equivalent in 2020.   
In a similar assessment, Larsen and Heilmary (2009) estimated the total reduction 
in GHG emissions under the proposed cap-and-trade program in WM Draft. They found 
GHG emissions can be reduced by 17% and 36% in 2020 and 2030 respectively 
compared to 2005 levels.   
2.4 COST-EFFECTIVE NOX CONTROL IN ELECTRICITY GENERATION SYSTEMS: 
Electric power generation is the major stationary anthropogenic source of NOx; it 
contributes approximately 22% of the total NOx emissions in the United States (EPA, 
2002). Because of the role of NOx in the formation of ground-level ozone, fine 
particulate matter (PM2.5) and acid deposition, NOx emissions are linked to a wide 
variety of human health and environmental problems. For the past decade, NOx 
emissions from electric power generation have been subject to a variety of cap-and-trade 
programs.    
Emission cap and trade programs are market-based policy mechanisms that set a 
cap on emissions and create allowances until reaching the level of the cap (EPA, 2011). 
Emissions trading programs offer flexibility by allowing facilities to determine the most 
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cost-effective approach to achieve reductions in emissions. Examples of effective cap and 
trade programs in the United States include: the Acid Rain Program (ARP) which 
reduced SO2 emissions by 51% compared to 1990 levels (EPA, 2011), the Clean Air 
Interstate Rule (CAIR) and the NOx Budget Trading Program (NBP) (EPA, 2011) which 
reduced ozone-season NOx emissions by 60% between 2000 and 2007 (EPA, 2011).     
Farrell et al. (1999) compared the cost-effectiveness of the Ozone Transport 
Commission (OTC) NOx Budget cap-and-trade program before it was applied relative to 
traditional Command and Control (CAC) approach. The study found that the NOx cap-
and-trade program would be more cost-effective and would save 47% compared to 
traditional CAC options. The study predicted an annual average cost (for the period 1999 
to 2006) of the NOx Budget program of $147 million, and $274 million for CAC 
regulations. Also, the study predicted the allowance prices under the NOx Budget 
Program to be between $1600/ton in 1999, and $2500/ton in 2006. However, some 
evidence suggests that the cost estimations for the NOx Budget program in the study 
were overestimated. For example, the model used by Farrell et al. (1999), NOXCOST, 
did not allow for changes in generation dispatch. That is, the model did not account for 
shifting the generation among the units which could minimize the costs by dispatching 
the electricity to low-cost units. Also, the model did not account for further NOx 
emissions controls that could be added in addition to the market-based trading program to 
reduce NOx emission rates.  
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Krupnick et al. (2000) examined the cost and the health benefits for reducing NOx 
emissions in 13 states in the eastern United States under a NOx trading program in the 
summer ozone season. The study compared the NOx trading program (on the basis of 
NOx emissions over the year) to the CAC approach and to a spatially-differentiated 
trading program based on the impacts of NOx emissions on population-weighted ozone 
exposure (over the ozone season). Krupnick et al. (2000) found that a NOx trading 
program would save about 50% compared to CAC polices; however, ozone exposure 
trading would have slightly lower costs than a NOx trading program due to shifting 
controls to low-cost sources that have large impacts, in terms of ozone exposure, on 
population.   
   Krupnick et al. (2000) estimated the average cost of NOx reduction under NOx 
trading program to be $1832 per ton, which was close to the average cost estimated by 
other studies.  The EPA (1998) estimated the average summer ozone season cost of 
$1807 per ton, and Burtraw et al. (2001) estimated the average cost to be $2019 per ton. 
Despite the fluctuations in 2003, the actual NOx allowance prices started to stabilize in 
2004 and remained between about $2000 and $3000/ton (Evolution Markets, LLC and 
Cantor Environmental Brokerage, 2006). These historical NOx allowance prices are 
consistent with those observed during the application of the Ozone Transport 
Commission (OTC) NOx Reduction Program (EPA, 2004). However, in 2008, the NOx 
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allowance prices ranged from $1400/ton during the middle of the year to $600/ton in the 
end of that year (EPA, 2008).    
In response to the introduction of a NOx emission trading program in eastern 
Texas, the ozone productivity of NOx emissions was examined by Nobel et al. (2001). 
The study compared the air quality benefits of NOx emissions with and without trading.  
The net reduction in NOx emission for both scenarios was the same, 50% lower than the 
base case. Therefore, the results account only for the spatial variability of NOx emission 
trading among these facilities. The analysis showed that, even though the net reduction in 
NOx emission is identical, the air quality benefits can significantly vary depending on the 
spatial locations of the NOx reductions. These differences are due to the emissions (for 
example, VOCs) in the surrounding regions. Using the same geographical area and 
modeling framework, Nobel et al. (2002) also examined the time-varying emissions, from 
four point sources, on NOx emission trading program. The results indicated that the 
impact of temporal variation is relatively small compared to spatial variability between 
facilities.     
Existing literature on the impact of cap-and-trade programs support the idea that 
air quality benefits of such programs can vary depending upon spatial and temporal 
variations in emissions. Therefore, differentiated permit trading programs could improve 
the air quality and public health benefits of these regulations by avoiding higher marginal 
costs due to uncertain spatial and temporal emission reductions. Mauzerall et al. (2005) 
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studied human health impacts associated with exposure to ozone that formed from point 
source NOx emissions. The study found that the quantity of O3 from the same amount of 
NOx can vary by up to factor of five under different locational and temporal NOx 
emissions. 
2.5 DIFFERENTIATED CAP-AND-TRADE PROGRAMS:  
This section reviews recent studies that have assessed time and location 
differentiated permit trading programs. Since most permit trading programs which have 
been implemented were not differentiated (for example, NOx Budget Trading and Acid 
Rain Programs), the implementation of time-and-location differentiated cap-and-trade 
programs has been rarely discussed in the literature.  
To address the effectiveness of a differentiated trading NOx budget program, Sun 
et al. (2012)  examined the air quality impacts and costs associated with two proposed 
polices for regulating NOx emissions in the eastern United States, specifically in the 
Pennsylvania–New Jersey–Maryland (PJM) region. The primary objective of the study 
was to investigate the most cost-effective strategy for reducing ozone concentration by 
manipulating NOx emissions from point sources. The first policy was designated a time-
differentiated NOx cap-and-trade approach, and the second policy was designated a 
technology-based control approach.  
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The time-differentiated approach targeted NOx emissions from electricity 
generation units, and applied time-differentiated trading by increasing NOx emissions 
prices relative to the base case, which was assumed as $2000(2k)/ton. The three different 
scenarios which were modeled under the time-differentiated approach consisted of 
increasing the base case NOx price to 30k/ton, 50k/ton, and 100k/ton. In response to 
increased NOx emission pricing, electricity generation was re-dispatched to facilities that 
produce relatively low NOx emissions. Electricity generation re-dispatch scenarios were 
developed using the Power World Simulator model. The model was used to simulate the 
response of the electricity network within PJM region to demand scenarios. In addition, 
the model accounts for increases in fuel and operating costs and the reductions in NOx 
emissions.  
The technology-based control assumed installing secondary pollution control 
technologies at coal-fired facilities to achieve further NOx reductions. Selective Catalytic 
Reduction (SCR) and Selective Non-Catalytic Reduction (SNCR) were used in this study 
as the technology-based control policies, and were considered to be operating during 
ozone season months (from June to September). The average daily cost for SNCR 
(installed in all coal-fired facilities in PJM region) was assumed to be $0.98±0.12 
Million/day during ozone season. The average daily cost for SCR (installed in 32% of 
total PJM coal-fired generation units) was equal to $1.06±0.35 Million/day during the 
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four-month ozone season. The total cost for both NSCR and SCR includes the amortized 
daily capital cost and the average daily operation and maintenance costs.      
The results showed that the percentage of NOx reduced under the higher NOx 
price scenarios (30k/ton, 50k/ton and 100k/ton) were 23%, 30% and 41% respectively, 
relative to the base case scenario (2k/ton). In contrast, the technology-based scenarios 
(installing SNCR or SCR during the episode) would reduce total fraction of NOx by 34% 
and 28% respectively relative to the base case.  
Total NOx reductions due to the time-differentiated and technology-based control 
scenarios were significant; however, they do not account for shifts in the timing and 
location of the emissions. To address these concerns, Sun, et al. (2012) performed 
photochemical modeling to examine the air quality benefits that could be achieved, using 
the Comprehensive Air Quality Model with Extension (CAMx). The average reduction in 
the fourth highest daily 8-hour averaged ozone concentrations achieved under SCR 
scenario was 4 ppb. The average reduction in the fourth highest daily 8-hour averaged 
ozone concentrations was only 1.2 ppb for the 100k/ton relative to the base case. 
However, other scenarios were characterized by reductions of less than 0.8 ppb. Table 2-
1 summarizes the net changes in NOx emissions and ozone concentrations for the six 
scenarios.  
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Table ‎2-1: Percentage of change in NOx emissions and the net change in ozone 
concentration, relative to the base case. 
Scenario % of change in NOx 
emissions* 
Change in ozone 
concentration (ppb)* 
Base Case 0 0 
$30k/ton -23 -0.6 
$50k/ton -30 -0.8 
$100k/ton -41 -1.2 
SNCR -34 -0.7 
SCR -28 -4 
*The reduction in NOx emissions in Table 2-1 represents the aggregative fraction of NOx 
reduced over the PJM area over the entire ozone season. The reduction in ozone 
concentration represents the average reduction in the fourth highest daily maximum 
ozone concentrations averaged over 8-hours at 37 Philadelphia/Baltimore monitoring 
stations.  
In summary, Sun et al. (2012) found that during average demand hours, SNCR 
resulted in NOx reductions similar to the $50,000/ton scenario. Changing the spatial and 
temporal pattern of emissions in the pricing policies can lead to reductions in ozone 
concentration that are comparable to technology-based strategies. The emissions prices to 
induce emissions reductions from EGUs are competitive with other control costs. 
Another study also investigated the reduction in NOx emission rates over the 
Pennsylvania–New Jersey–Maryland (PJM) region to examine the air quality benefits as 
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a consequence of the redispatch of generating units (Martin et al. 2008). The generation 
redispatch in response to various time-and-location NOx emissions prices was examined 
using two different models, the zonal model and the security-constrained optimal power 
flow model (SCOPF). Moreover, the NOx emissions analysis covered approximately 
93% of the total fossil fuel-fired generating units in the PJM region, and was simulated 
based on generator-level emission rates.   
Martin et al. (2008) made some important assumptions regarding the constraints 
to estimate the maximum potential NOx reduction. For example, some of the generating 
units‎were‎assumed‎to‎reduce‎their‎generation‎in‎“off”‎hours to at least 20% of the rated 
capacity, not to zero. Preventing them from being turned off minimizes operation costs 
such as those associated with high start-up cost. In addition to this, combustion turbines 
were‎ forced‎ to‎ “turn‎on”‎even‎ if‎ they‎did‎not‎produce‎electricity‎ at‎ that‎hour.‎Also‎ for‎
each unit that did not operate at the beginning of the hour, the average NOx emission rate 
from May to September 2005 was assigned to that unit, which is likely to overestimate 
the NOx emission rates of many fossil fuel-fired generation units. 
The results from both methods were consistent, and showed that the NOx 
emissions reduction that could be achieved under time and location differentiated cap-
and-trade program ranged from 6.1 ton/hr compared to 35 ton/hr (17% reduction in NOx 
emissions relative to the base case) during the highest demand hour to 8.4 ton/hr 
compared to 23 ton/hr (36% reduction in NOx emissions relative to the base case) on an 
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average demand hour (early morning). The average demand hours showed greater NOx 
reduction than peak demand hours due to the flexibility in generation redispatch, and 
shifted the generation from coal-fired units to natural gas-fired units. In addition, the 
study showed that as NOx emission price increases so too does NOx emission reduction 
rate. Finally, the results also showed that network constraints had small impacts in terms 
of NOx emission reductions. Table 2-2 presents the results of the power world 
simulations.  
Table ‎2-2: Absolute and percentage changes in NOx emissions for various NOx emission 
prices relative to the base case (2k/ton). 
 Summer (2005) Fall (2005) 
Scenario change in NOx 
emissions 
(ton/hr) 
% change in 
NOx emissions 
change in NOx 
emissions 
(ton/hr) 
% change in 
NOx emissions 
Base Case 0 0 0 0 
$10k/ton -3 -7 -1.8 -7 
$20k/ton -4.5 -10 -3 -12 
$50k/ton -5.2 -12 -6.1 -24 
$100k/ton -5.6 -13 -7.5 -29 
$125k/ton -5.8 -14 -7.7 -30 
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2.6 SUMMARY: 
Virtually all of the studies reviewed in this chapter have examined the impacts of 
electric power generation on a single factor (air quality, water use, carbon emissions).  
Responses of the impacts to trading systems have also focused on single factors. The 
work described in this thesis investigates the inter-relatedness of these systems (water, air 
quality and carbon emissions) and their resilience under stress. The study focuses on the 
relative impacts of time-and-location differentiated NOx and CO2 pricing policies on 
ozone formation, GHG emissions, water use and costs under a series of challenges. An 
integrated model that incorporates air quality and water availability into electricity 
generation dispatching decisions has been developed using state of Texas as a case study 
and has been used as an analysis framework in this research.  The results of this work 
provide new insights into improving the sustainability of electricity generation systems.  
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CHAPTER 3: Using Market-Based Dispatching With 
Environmental Price Signals to Reduce Emissions and Water 
Use at Power Plants in the Texas Grid1 
3.1 INTRODUCTION 
Electricity generation accounted for approximately 21% of emissions of nitrogen 
oxides (NOx) in the United States in 2005; electricity generation units (EGUs) are also 
major sources of sulfur oxides (SOx) (in particular, sulfur dioxide (SO2)) and mercury 
(Hg) emissions (EPA, 2011a).  Further, thermoelectric power generation impacts water 
resources due to water demand for cooling and condensing the steam generated in boilers 
(Kenny et al. 2009; Solley et al. 1998).  Water use by thermoelectric power generation 
accounts for approximately 41% of freshwater withdrawals in the United States (Kenny 
et al. 2009).  
A number of air quality regulations have led to reductions in air pollutant 
emissions from EGUs in the United States, and recently the U.S. Environmental 
Protection Agency (EPA) finalized the Cross-State Air Pollution Rule, which calls for 
additional reductions in the emissions of NOx and SOx from EGUs in 27 eastern states 
(EPA, 2011b).  Because these emission reductions are proposed to be implemented 
                                                          
1 Large parts of this chapter have been published in the journal, Environmental Research Letters, 6, 
044018. Co-authors: David T. Allen (the dissertation supervisor), Stillwell, A. S., King, C. W. and 
Webber, M. (provided water consumption database) Donohoo, P. and Webster, M. D. (provided electric 
power system model database).  
46 
 
relatively rapidly, the long term (multi-year) solution of installing additional emission 
controls for NOx and SOx to existing EGUs might not be able to achieve the regulated 
schedule for reductions.  Thus, other schemes for achieving emission reductions in the 
short term might be necessary.  The analysis presented here examines one such scheme, 
namely market-based dispatching in the electricity sector, as a means of rapidly reducing 
emissions.  The approach proposed herein uses market-oriented price signals for NOx 
emissions to switch generation from high NOx emitting facilities to low NOx emitting 
facilities. These price signals, by increasing the costs associated with NOx emissions, 
would act to change the relative dispatch order (or merit order), lowering the merit order 
of high NOx emitting facilities relative to low NOx emitting facilities.  This market-based 
environmental pricing could enable substantial NOx reductions immediately and in the 
absence of additional control technologies or alternative generation technologies.   Such 
prices could be induced either through a uniform emissions tax or, equivalently  through 
a tradable emissions permit system within a region under a tighter seasonal or annual cap 
than currently exists.  Theoretically, the price and the quantity (cap) approach would 
yield identical emissions and total costs, although different distributions of costs across 
stakeholders (Kolstad, 2000).   The simulated price mechanisms presented below would 
require a change to the existing policy structure. 
Using price signals to induce emissions reductions from EGUs is not new.  For 
more than a decade, emissions from electric power generation have been subject to a 
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variety of cap and trade programs. Examples of cap and trade programs in the United 
States include the Acid Rain Program, the Clean Air Interstate Rule (CAIR), and the NOx 
Budget Trading Program (EPA, 2011a). By 2008, implementation of Acid Rain Program 
regulations had yielded reductions of SO2 emissions of 51% compared to 1990 levels 
(EPA, 2011a); ozone-season NOx emissions decreased by 60% between 2000 and 2007 
due to the NOx Budget Trading Program (EPA, 2011a).    
However, most of these emissions reductions were the consequence of longer 
term investments in pollution control equipment, fuel switching (e.g., higher sulfur to 
lower sulfur coal), and new generation (Ellerman, et al., 2000).  Additional short-term 
approaches could include time-varying price signals to induce redispatching among 
current (fixed) generation options.  Several studies have simulated the potential of such 
approaches. For example, Nobel et al. (2001) examined a NOx emission trading program 
in eastern Texas.  Sun et al. (2011) and Martin et al. (2007) examined the impact of NOx 
pricing on emission trading in the Pennsylvania–New Jersey–Maryland (PJM) region.    
This work examines whether additional reductions in NOx emissions (up to 50%) 
from EGUs is possible using dispatching from high- to low-NOx EGUs.  This analysis 
has relevance to the Cross-State rule, but is not intended to address all of the specific 
requirements of the rule.  The grid serving much of Texas (operated by the Electricity 
Reliability Council of Texas, ERCOT) is used as a geographical testbed.  NOx pricing is 
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used in a transmission constrained electricity model to determine the price levels required 
to drive emissions from high- to low-NOx EGUs.   
Analyses presented in this work show that the imposition of higher NOx prices 
can cause lower NOx emissions within the current system by inducing a switch from 
some coal-fired generation to natural gas generation.  The analyses are performed for a 
day with relatively high electricity demand and account for transmission constraints.  In 
addition to lowering NOx, there are co-benefits of the redispatching of generation from 
coal to natural gas, including reductions in the emissions of SOx, Hg, and CO2, and water 
consumption. However, once the system has achieved approximately 50% NOx 
reduction, there is little incremental benefit to further increases in NOx prices, which 
instead simply drive up the emissions fees. 
3.2 METHODS 
3.2.1 The Electricity Reliability Council of Texas (ERCOT) 
The ERCOT electricity grid is wholly contained within the State of Texas, 
covering‎ 75%‎ of‎ Texas‎ land‎ area.‎ It‎ serves‎ 85%‎ of‎ the‎ state’s‎ electric load (ERCOT 
2011)‎ and‎ has‎ 87%‎ of‎ the‎ state’s‎ generation‎ capacity.‎ ‎ ERCOT‎ has‎ more‎ than‎ 500‎
generation units, with diverse fuel types, including natural gas (with steam cycles, open 
cycles, and combined cycles), coal, nuclear, hydroelectric, petroleum, wind, and solar.  
Figure 3-1 shows the electricity generation by fuel type for the ERCOT grid in 2010.  As 
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in most power systems, coal and nuclear dominate base load and natural gas is used for 
intermediate cycling and peak demand. 
NOx emissions from EGUs in Texas can vary widely, ranging from more than 5 
lb/MW-hr of generation for inefficient natural gas peaking plants, to 0.005 lb/MW-hr for 
facilities with Selective Catalytic Reduction control technologies.  This variation by three 
orders of magnitude in NOx emission rates suggests that some NOx emission reductions 
will be possible by shifting generation from high NOx emitting EGUs to low NOx 
emitting EGUs.   
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Figure ‎3-1: Relative contribution to electricity generation in ERCOT in 2010 by fuel type 
(ERCOT, 2011). 
This dispatching from high-NOx to low-NOx facilities has the potential to cause 
changes in SOx emissions, CO2 emissions, Hg emissions, and water use.  For example, 
Figure 3-2 compares NOx emissions and CO2 emissions for ERCOT facilities. Some 
facilities have high NOx emissions and high CO2 emissions while others have low NOx 
emissions and low or high CO2 emissions. The CO2 emissions rate can vary by as much 
as a factor of two for a given NOx emissions rate. These complex footprints of emissions 
mean that dispatching of electricity for one purpose (in this work, NOx emission 
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reductions) could have non-obvious implications, either positive or negative, for other 
environmental impacts.    
 
Figure ‎3-2: A comparison of NOx and CO2 emission rates for EGUs in Texas shows that 
there are some power plants that have relatively low emissions for both species, and there 
are some power plants that have relatively high emissions for both species.  
3.2.2 Electricity generation modeling 
Electricity dispatching within ERCOT was modeled using an optimal power flow 
model, which simulates the response of the electricity network within ERCOT to hourly 
demand scenarios. The model accounts for the costs of electricity generation and 
transmission line constraints. The model was extended in this work to incorporate NOx 
pricing for each generation unit.   
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The optimal power flow model is a non-linear optimization algorithm that 
minimizes total (fixed plus variable) operating cost subject to a set of equality and 
inequality constraints, including meeting demand, enforcing transmission line constraints, 
generator unit minimum and maximum power levels, and accounting for line losses.  
Instead of gradient-based and Newton solution methods, a linear programming (LP) 
approach was used, which allows the inclusion of inequality constraints (Alsac, et al., 
1990).  The basic approach is iterative, solving the load flow problem (Stott et al., 1974), 
creating a linear objective function and linearizing constraints for those results, then 
solving the primal LP to get an improved solution for power output at each unit. 
The network model of ERCOT used in this work is based on solved load flow 
cases obtained from ERCOT, consisting of roughly 5600 buses, 7000 branches 
(transmission lines between buses), and all generating units.   Demand is modeled as 
loads on 3600 of the buses, capturing only the high-voltage transmission system and 
simplifying distribution networks as single nodes.   The costs of generation are based on 
data in the Emissions and Generation Resource Integrated Database (eGRID) (EPA 
2010b), particularly heat rates (efficiency), and using EIA data (EIA 2011) on fixed and 
variable operating and maintenance costs based on the primary fuel and technology of 
each unit. Natural gas and coal prices ($3.87 and $1.89 per MMBTU, respectively) were 
obtained from historical data in EIA (2010).  
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Emissions are also included in the cost model for each generator.  Emissions 
prices for NOx and SO2 are used in our analysis to simulate the annual and seasonal caps 
on emissions.  Environmental economic theory establishes that identical emissions can be 
induced from an emissions cap with permit trading among units and under a tax or price 
instrument, and the market price under permit trading will be equal to the tax that induces 
emissions equal to the cap (Kolstad, 2000).  The variable cost of each unit includes the 
emissions price times its emissions rate.  Historical values of permit prices yield dispatch 
behavior that is consistent with past observed generation patterns.  This approach also 
allows hypothetical tightening of these emissions targets to be simulated by increasing 
the price. With a sufficient increase in emissions price, the least-cost ordering of the 
generating units can be changed, making higher emissions units relatively more 
expensive and lower emissions units relatively less expensive, thus changing the 
dispatch.  The results of these analyses are described below. 
3.2.3 Emissions and water use data 
Data for air pollutant emissions (NOx and SO2) were developed based on hourly 
emissions for the Texas electricity generation units that reported to the EPA's Clean Air 
Markets Division under the Acid Rain program (ARP) in 2006 (EPA 2010a).   For all 
sources that did not report to the ARP, Ozone Season Daily (OSD) emissions data for the 
year 2006, as reported to the State of Texas Air Reporting System (STARS) were used 
(TCEQ 2010).  Electricity generation units that have output greater than 25 MW reported 
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to the Acid Rain Program.   Air pollution data in STARS were collected by Texas 
Commission on Environmental Quality (TCEQ) from more than 2000 industrial sites in 
Texas and were stored in the TCEQ system (TCEQ 2011).  The most updated versions of 
the data available at the time the analyses were done were used in this analysis for both 
ARP and OSD emissions.  
The Emissions and Generation Resource Integrated Database (eGRID) 2005 was 
used to develop data sets for CO2 and Hg emissions (EPA 2010b), and was used as a 
confirmation of the ARP and STARS NOx emissions data. Appendix A shows a list of all 
Texas power plants used in this analysis, along with their water consumption factors 
(Gallon/kWh), and NOx, CO2, SO2 emission factors (as lb/MWh) and Hg emission 
factors (as lb/GWh).  
After the analyses were completed, the Environmental Protection Agency (EPA) 
released the seventh edition of the Emissions and Generation Resource Integrated 
Database (eGRID2010 version 1.1). This version contains the complete release of year 
2007 data. The analyses reported here used the 2005 eGRID data that was available at the 
time the analyses were done, however, the analyses presented here were repeated using 
the 2007 data.  In general, the results were qualitatively similar.  Additional details are 
available in Appendix B.  
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Total water consumption for a particular EGU designates water evaporated such 
that it is not directly reusable.  That is, water consumption is the net result of withdrawal 
minus return flow.  Data regarding water consumption at EGUs were based on 
consumption factors (gal/kWh) as reported in King et al. (2008). These factors in King et 
al. (2008) were obtained from information submitted by power plant operators to the 
Energy Information Administration via form EIA-767 (now form EIA-923) as well as to 
the Texas Water Development Board (TWDB) and TCEQ. This data set includes 
additional details that impact water consumption, such as fuel type, cooling technology 
(open-loop, closed-loop, or air-cooling), and water source. When water consumption 
factors were combined with generation data in the analyses performed in this work, the 
water consumption rate was determined for each EGU. 
Emissions were linked to water consumption rate and the electricity generation 
model using ORISPL codes (EPA 2010b). A cross-reference file was created manually to 
link emissions from Ozone Season Daily emissions data in the AIRS Facility Subsystem 
file (OSD afs file) (TCEQ 2010) and water consumption rate for each electricity 
generation unit.  The plant code (ORISPL) was used to link the air quality and water 
resources databases to the electric power generation model for EGUs constructed through 
2006. However, for electricity generation units that started operation post-2006, the 
linking was developed manually by matching the new EGUs by site name and generator 
ID (or ORISPL) code.  
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3.2.4 Cost estimation 
In the optimal power flow model, generation is dispatched in a least cost manner 
to meet demand, subject to physical constraints on generators and transmission.  The cost 
of each generator i is modeled as:  
ci ($/MWh) = Hi(pfi + pni×Ni + psi×Si) + O&Mi     (1) 
where Hi is its heat rate (MMBTU/MWh), pfi is the price of fuel ($/MMBTU), pni 
is the price of NOx permits ($/ton), Ni is‎ the‎unit’s‎NOx‎emission‎rate‎(tons/MMBTU),‎
psi is the price of SO2 permits ($/ton), Si is‎the‎unit’s‎SO2 emission rate (tons/MMBTU), 
and O&Mi is‎ the‎ unit’s‎ variable‎ operation‎ and maintenance costs ($/MWh).  Thus, 
increasing the NOx price changes the least cost ordering (also called the merit order) for 
dispatch. 
In the results shown below, the costs of the NOx emissions are reported.  
However, the main focus is on the change in generation costs, without including the 
emissions price: 
ci2 ($/MWh) = Hi * pfi + O&Mi      (2) 
Because the revenues from the NOx price used as a redispatch mechanism could 
be recycled back to utilities or ratepayers in a variety of ways to produce a revenue-
neutral scheme.  The true costs of this strategy would be determined by the relative fuel 
prices, changes in generator efficiency (could be positive or negative), and any changes 
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in O&M costs.  These changes in generation costs are presented normalized by both the 
NOx reductions ($ per ton) and normalized by MWh.  These costs could also be 
potentially benchmarked against avoided capital costs for additional environmental 
controls, but those costs were not analyzed in the work presented here.  
3.3 RESULTS 
3.3.1 NOx Emissions Reductions 
The electricity generation redispatching scenarios under different NOx prices 
scenarios were modeled using the optimal power flow model. The scenarios consisted of 
increasing the NOx emissions price from $0/ton to $2000/ton, $10,000/ton, $25,000/ton, 
and $50,000/ton. SOx prices were held constant at $500/ton in all simulations.  NOx 
emission prices were applied on all thermoelectric generation units in the ERCOT region, 
and were simulated based on generator-specific emission rates. The generation 
redispatching scenarios were simulated for the 24 hours of June 25, 2008, which was a 
moderately high generation day (58 GW peak demand for the day, (1,095 GW-hr total 
demand over that 24-hour period) vs. 62.2 GW peak demand for the year (ERCOT 
2008)). The model output is hourly MW-hr for each generation unit in ERCOT for 4 
scenarios plus the base case (the base case NOx price is $0/ton). Table 3-1 shows NOx 
and SO2 emissions rates (ton/day) for each scenario as well as the base case. Table 1 also 
shows the reductions (ton/day) and the percentage of reductions (%) in NOx and SO2 
emissions for each strategy considered in this study relative to the base case.   
58 
 
Table ‎3-1: NOx and SO2 emissions reductions in tons/day for each price scenario relative 
to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Changes in 
NOx 
emissions  
(tons/day) 
% of 
Change in 
NOx 
emissions 
SO2 
emissions  
(tons/day) 
Changes in 
SO2 
emissions   
(tons/day) 
% of 
Change in 
SO2 
emissions 
0 393.1 0 0 247.2 0.0 0.0 
2,000 305.2 -87.9 -22.4 185.6 -61.6 -24.9 
10,000 217.8 -175.3 -44.6 108.9 -138.4 -56.0 
25,000 197.1 -196.0 -49.9 83.4 -163.8 -66.3 
50,000 194.9 -198.2 -50.4 72.0 -175.2 -70.9 
 
All scenarios show reduction in NOx and SO2 emissions compared to the base 
case. Reductions in NOx emissions ranged from 22.4% to 50.4% ton/day and for SO2 
emissions ranged from 24.9% to 70.9% ton/day. A NOx price of $50,000/ton yields the 
maximum reduction in both NOx and SO2 emissions. The NOx prices used in this 
analysis are higher than typical historical NOx pricing.  For example, in 2008, the NOx 
allowance prices ranged from $1400/ton during the middle of the year to $600/ton in the 
end of that year (Federal Energy Regulatory Commission (FERC), derived from 
Bloomberg data, 2011). Therefore, the NOx prices used in this work range from slightly 
higher than historical price levels ($2,000/ton) to more than an order of magnitude higher 
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than the typical NOx allowance price.  This suggests that in the long term, some mix of 
dispatching and installation of control equipments is likely the lowest cost option  
The maximum percentage of reduction for NOx and SO2 emissions for a $50,000 
per ton NOx price are 50.4% and 70.9%, respectively. As expected, as NOx emission 
price increases, so do NOx and SO2 emission reductions. However, the incremental 
reductions in NOx emissions between $25,000/ton and $50,000/ton was relatively small, 
as shown in Figure 3-3. Therefore increases in NOx prices beyond $50,000 per ton were 
not considered.  
 
Figure ‎3-3: NOx, SO2, CO2 and Hg emissions decrease as NOx prices increase. 
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These reductions in NOx and SO2 emissions rates are mainly due to shifting 
electricity generation from coal-fired units and old natural gas units, to low emitting 
generators (typically efficient natural gas-fired units). For example, Table 3-2 shows that 
coal generation is reduced from 28.2% to 6.6% of total generation as NOx price increases 
from $0 to $50,000/ton.  
Table ‎3-2: The amount of coal generation (MWh) that shifts to natural gas generation in 
each scenario 
NOx price 
($/ton) 
% of generation 
by coal fired 
EGUs 
Total amount of 
generation (MWh) 
shifted from coal to 
NG 
% of coal generation 
(MWh) shifted (% of 
total generation) 
0 28.2 0 0 
2,000 22.2 65,100 6.0 
10,000 11.7 180,000 16.5 
25,000 8.0 220,000 20.1 
50,000 6.6 236,000 21.6 
 
Table 3-3 and Figures 3-4 and 3-5 show the impacts of imposing higher NOx 
prices on the NOx emissions of coal and natural gas generators.  
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Table ‎3-3: Percentage changes in NOx emissions for alternative redispatching scenarios 
relative to the base case for both coal and natural gas generators. 
 % Change in NOx emissions 
NOx price 
($/ton) 
Coal 
Generators 
Natural Gas 
Generators 
0 0 0 
2,000 -27.6 -12.1 
10,000 -69.0 2.7 
25,000 -81.5 11.1 
50,000 -85.4 17.1 
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Figure ‎3-4: Percentage change in NOx emissions for coal and natural gas generators. 
Natural gas emissions initially decrease due to reductions in generation from a small 
number of gas plants with high NOx emissions, but then increase as generation shifts 
from coal to natural gas. 
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Figure ‎3-5: Changes in generation patterns as NOx price increases.  Positive changes 
indicate that generation increases relative to the base case (zero price for NOx) and 
negative changes indicate that generation decreases.  Top panel (a.) is for $2,000 per ton; 
b.), c.) and d.) represent $10,000, $25,000 and $50,000 per ton respectively.  Results 
indicate that generation generally shifts from moderate (~1-3 lb/MWh) emission coal 
plants to low (<1 lb/MWh) emission gas plants, although some high emission plants 
remain relatively unchanged even at high NOx prices. 
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Figure 3-5a shows that as NOx prices increase from zero to $2000/ton, generation 
shifts from moderate (~1-3 lb/MWh) emission coal plants to very low emission (<0.5 
lb/MWh) gas plants.  Some reductions also occur in high emitting gas plants (~6 
lb/MWh).  This trend of shifting from coal to natural gas continues as prices increase to 
$10,000 per ton of NOx.  However, no further reductions in high emitting gas plants are 
possible, so the overall emissions from natural gas units begins to increase. NOx 
reductions from natural gas reach their peak at $2,000 per ton, a price large enough to 
drive reductions in high emitting gas plants.  
3.3.2 Co-Benefits 
In the United States, carbon dioxide (CO2) emissions due to fossil fuel 
combustion are the greatest source of greenhouse gases, and account for 80.2% of the 
total GHG emissions nationwide (U.S. Climate Action Report 2010). Electricity 
generation contributes 39% of the total CO2 emissions and a third of the total GHG 
emissions (U.S. Climate Action Report 2010).  In addition, power plants are responsible 
for a significant fraction of anthropogenic Hg emissions into the atmosphere (EPA, 
2002). Therefore, impacts of dispatching to achieve NOx emissions reductions on CO2 
and Hg emissions from EGUs were also examined.  Table 3-4 lists CO2 and Hg emissions 
reductions (ton/day for CO2 and lb/day for Hg) and percentage reductions. Maximum 
percentage reductions in CO2 and Hg emissions rates are 21.1% and 81.3% respectively 
as shown in Figure 3-3 and Table 3-4.  
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Table ‎3-4: CO2 and Hg emission reductions in tons/day for each scenario relative to the 
base case.  
NOx 
Price 
($/ton) 
CO2 
emissions  
(tons/day) 
Changes in 
CO2 
emissions  
(tons/day) 
% of 
Change in 
CO2 
emissions 
Hg emissions  
(lb/day) 
Changes in 
Hg 
emissions   
(lb/day) 
% of 
Change in 
Hg 
emissions 
0 630,000 0 0.0 20.4 0.0 0.0 
2,000 575,000 -55,000 -8.7 17.0 -3.4 -16.8 
10,000 517,000 -113,000 -18.0 8.0 -12.5 -61.1 
25,000 502,000 -129,000 -20.4 4.8 -15.7 -76.6 
50,000 498,000 -133,000 -21.1 3.8 -16.6 -81.3 
 
The impact on water consumption of imposing higher allowance prices on NOx 
was also examined. The electric power system model output was used in addition to the 
Texas Water Development Board consumption factor (gal/KWh) to calculate water 
consumption for each EGU.  The water consumption factor in the Texas Water 
Development Board (TWDB) report, described by King et al. (2008), estimates the water 
consumption for the whole power plant so it was assumed that all the electric generation 
units in the same power plant facility would have identical consumption factors. On 
average, the natural gas fleet requires less cooling water than the coal fleet.  
Daily water consumption (m
3
/day) and percentage reductions in water 
consumption were estimated for each scenario relative to the base case. The results 
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indicate reduced water consumption from electricity generation units when higher NOx 
emission prices are imposed. As shown in Table 3-5, scenarios exhibited different 
percentages of reductions in water consumption, with maximum benefit (8.2% reduction) 
achieved when NOx price was equal to $50,000/ton. The general trend is that any 
increment in NOx emission prices will lead to reduction in total water consumption. 
Electricity redispatching due to imposing higher NOx emission prices has the ability to 
reduce total water consumption by as much as 62 to 117 (x1000 m
3
/day) as shown in 
Table 3-5. Also, Table 3-5 shows the additional number of people who would have 
access to municipal water use (daily use at 138 gal/person; 0.53 m
3
/person) based on the 
water saved due to electricity redispatch, depending on watershed location and seasonal 
timing of the reduced water consumption at EGUs. NOx price increases over $10,000/ton 
have small changes in power plant water consumption.   
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Table ‎3-5: Percentage changes in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of change 
in water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
0 1431 0.0 0 0 
2,000 1370 -4.3 62 116,000 
10,000 1319 -7.9 113 213,000 
25,000 1316 -8.1 115 218,000 
50,000 1314 -8.2 117 221,000 
3.4 COSTS OF EMISSIONS REDUCTIONS 
The cost of NOx emissions reductions from the redispatching strategy are shown 
in Table 3-6.  Table 3-6 shows the cost per ton of NOx emissions reduced (added $/ton 
NOx reduced) and the added cost of each MW-hr generated (added $/MW-hr, equation 
2).  Also shown, in Figure 3-2, are the emissions price revenues (NOx price times 
emissions). For initial increases in NOx price, generation costs increase due to the higher 
fuel price of gas relative to coal that was used for this analysis.  However, at NOx prices 
of $25,000/ton and above, there is no longer additional significant redispatching because 
the lower NOx emitting gas units are being utilized; the remaining gas units would have 
NOx emissions rates that are closer to those in coal units. The fuel price drives the overall 
cost and significantly reduces the redispatching because gas has higher fuel price than 
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coal. Thus, beyond a NOx price level of $50,000/ton, increases in NOx prices would 
increase the emissions fees, but not achieve any substantial reduction in emissions (see 
Figure 3-6).  
Table ‎3-6: The cost of electricity generation for each scenario relative to the base case. 
NOx 
price($/ton) 
Redispatch cost  
($/ton NOx) 
Cost per 
MW-hr 
($/MW-hr) 
Change in total 
cost (%) 
0 0 0 0 
2,000 1,970 0.15 0.5 
10,000 9,800 1.54 5.4 
25,000 18,300 3.80 13.2 
50,000 27,400 5.20 18 
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Figure ‎3-6: Total NOx emissions, Generation costs, and NOx permit costs as permit 
prices increase. At higher NOx permit costs, the NOx emissions are relatively lower and 
the generation costs are relatively higher.   
3.5 CONCLUSIONS 
The analyses presented in this study indicate that dispatching of electricity 
generation from high NOx EGUs to low NOx EGUs, essentially switching from coal to 
gas generation, could achieve up to a 50% NOx reduction without requiring the 
investment costs or delays involved in installing new pollution control equipment.  The 
switch from coal to gas would have additional benefits of decreased SOx, Hg, and CO2 
emissions.  Perhaps especially critical in a time of extreme droughts, water consumption 
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by power plants will also decrease (Poumadere et al. 2005, Stillwell et al. 2011a, b).  The 
extent to which dispatching can occur depends on demand, available capacity, and 
transmission capabilities, and is likely different in other regions of the country. The 
scenarios considered here are for a period of moderately high peak demand (58 GW) for 
ERCOT in 2008.  Flexibility tends to decrease as loads increase, so dispatching could be 
more or less effective than predicted here, depending on the daily demand.    The market-
based system simulated is hypothetical, and the implementation of such a system would 
require a change to the current regulatory system.   The illustration presented is intended 
to demonstrate that such options that could be considered alongside other regulatory 
changes.  
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CHAPTER 4: The Sensitivity of Market-Based Dispatching 
With Environmental Price Signals to Electricity Demand in the 
Texas Grids2  
4.1 INTRODUCTION 
A variety of market-based mechanisms, specifically cap-and-trade programs, have 
been used to control emissions from electricity generating units (EGUs).  Cap-and-trade 
programs set a cap on emissions and create and distribute emission allowances.  The 
allowances can be traded among facilities, allowing those facilities that can reduce 
emissions at lower costs to sell allowances to facilities that would have higher costs for 
emission reductions; total emissions are lowered by reducing the allowances that are 
issued (EPA 2011a). Cap-and-trade programs of this type have been used to reduce both 
SO2 (e.g., the Acid Rain Program for SO2 emissions (EPA 2011b)) and NOx (e.g., the 
NOx Budget Trading Program (EPA 2011c)).   
In these emission trading programs, allowances have generally had limited 
temporal resolution.  For example, in the acid rain program, each allowance permits a 
source to emit 1 ton of SO2 during a specified year. Allowances under the NOx Budget 
Trading Program can be applied to NOx emissions any time during the ozone season (the 
compliance period is from May 1 to September 30) (EPA 2009).  While there is some 
banking, allowing facilities to transfer allocations from one period to another, allocations 
                                                          
2 Manuscript in preparation for submission to Environmental Research Letters. Co-author: David T. Allen 
(the dissertation supervisor). 
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are typically provided for an annual or seasonal period and any emissions during those 
annual or seasonal periods are treated equivalently.   
Few studies have examined the air quality benefits of temporal resolution of 
emissions allocations at a time scale finer than a seasonal or year.  Dynamic air quality 
management, at roughly daily time scales, might be most relevant for pollutants such as 
ozone, where the attainment of National Ambient Air Quality Standards (NAAQS) is 
based on extreme values (e.g., fourth highest daily maximum of ozone concentrations 
over a year) (EPA 2008).  Market-based practices that encourage preferential reduction of 
NOx emissions on days with high ozone concentrations have been examined by Sun, et al 
(2012) and Alhajeri, et al., (2011). Sun et al. (2012) targeted NOx emissions from 
electricity generation units in the eastern United States. In response to increased NOx 
emission pricing, electricity generation was re-dispatched to facilities that produce 
relatively low NOx emissions. Higher NOx prices achieved reductions of up to 41% 
relative to a base case. Changes in the spatial and temporal pattern of emissions, in 
response to daily changes in the pricing of allocations, led to reductions in ozone 
concentration and costs that were comparable to technology-based strategies. In another 
study, Alhajeri et al. (2011) examined the potential impacts of using market-based 
dispatching to reduce emissions and water use in electricity generation units within the 
Texas grid. The imposition of higher NOx prices reduced NOx emissions by up to 50% 
on a day with high electricity demand. In addition to the lowering of the NOx emissions, 
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there were co-benefits of the redispatching, including reductions in water consumption 
and reductions in the emissions of sulfur oxides (SOx), Hg, and CO2. 
In general, the extent to which electricity dispatching can occur, and the cost of 
the dispatching, will depend on the ratio of daily demand to the available capacity in the 
grid.   If the grid is generating electricity at maximum capacity, there is no opportunity 
for redispatching electricity generation to EGUs with lower emissions.  In contrast, at 
relatively low ratios of demand to capacity, there are multiple options available for 
dispatching electricity generation.  Previous studies of daily dispatching to reduce 
emissions did not report the sensitivity of emission reductions to electricity demand. This 
work will examine the extent to which electricity demand influences the response of a 
grid to changes in NOx allocation pricing. The case study to be examined will be the 
Electricity Reliability Council of Texas (ERCOT) grid in 2008 (ERCOT 2011).  Six days 
in 2008 with different daily electricity demands will be used.  The impacts of applying 
price signals will be investigated, and the cost of NOx price signals will be compared 
with the cost of post combustion control technologies such as Selective Non-Catalytic 
Reduction (SNCR) and Selective Catalytic Reduction (SCR).      
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4.2 METHODS: 
4.2.1 The sensitivity of environmental dispatching to different electricity demand 
levels: 
This study assesses the sensitivity of the grid of the Electricity Reliability Council 
of Texas to market-based price signals for NOx emissions at a variety of levels of 
electricity demand, using data from the summer of 2008 (ERCOT 2012).  The ERCOT 
network manages the flow of electric power to Texas through hundreds of electricity 
generation units, meeting demands associated with rural and urban populations totaling 
approximately 23 million people (ERCOT 2011).  Daily levels of electricity generation, 
during the period of May to October 2008, were ranked into six groups. These groups 
cover the range of daily generation from the lowest demand day (651 GWh) to the 
highest demand day (1150 GWh) (ERCOT 2012). This period of time also includes the 
highest ozone concentration days of the year (TCEQ, 2010).  Figure 4-1 shows the 
number of days in each of the six daily generation range groups, as well as the number of 
days, in each electricity generation level, in each of several ranges of daily maximum 
ozone 1h average concentrations (TCEQ 2012).     
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Figure ‎4-1: Total number of days and the daily maximum 1 h ozone concentration (ppb) 
for six levels of electricity generation that cover the range of demand from May 1 
through October 30, 2008.  
Most of the days in the ozone season have electricity generation greater than 950 
GWh, as shown in Figure 4-1. Figure 4-1 also suggests that the increase in electricity 
demand can lead to an increase in the daily maximum 1 h ozone concentrations. For 
example, the group of days that has the highest electricity demand in this period (greater 
than 1050 GWh) had the highest number of days with high ozone concentrations (i.e., 14 
days with daily maximum 1 h ozone concentrations greater than 105 parts per billion 
[ppb]). After mapping the air quality data with the electricity demand data, six high ozone 
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days were chosen to represent the variation in electricity generation levels. Table 4-1 lists 
the electricity generation (GWh) for each day (ERCOT 2012) as well as the daily 
maximum 1 h and 8 h ozone concentrations (TCEQ 2012).  Because these are all days 
with high ozone concentrations, they represent days, with a variety of electricity demand 
levels, where there is an incentive to dispatch electricity generation to EGUs with low 
NOx emissions.  
Table ‎4-1: The electricity generation and daily maximum ozone concentrations for the six 
days chosen for the simulations. 
Date 
Electricity 
generation 
(GWh) 
Maximum 1-hr 
O3 concentration 
(ppb) 
Maximum 8-hr 
O3 concentration 
(ppb) 
25-Oct-2008 675 138 97 
4-May-2008 704 105 79 
2-Oct-2008 826 143 104 
4-Sep-2008 970 137 115 
20-May-2008 1,004 107 93 
4-Aug-2008 1,150 132 101 
4.2.2 Simulation of the electricity dispatching and cost estimation 
The modeling framework for applying the market-based environmental signals to 
dispatch electricity generation within ERCOT has been described by Alhajeri et al. 
(2011). The PowerWorld Simulator version 16 was used to simulate the response of the 
EGUs to the demand as it changes hourly (available from Powerworld Corporation; 
www.powerworld.com). The model accounts for SOx, NOx and CO2 emission prices, 
fuel costs, and fixed and variable operating and maintenance costs. The model also 
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accounts for transmission line power constraints. The model minimizes the total 
operating cost subject to a set of equality and inequality constraints. NOx, CO2, and SO2 
emission factors (lb/MWh) that were used in estimating the system cost were developed 
based on the Emissions and Generation Resource Integrated Database (eGRID) 2005 
(EPA 2010). More details on the model constraints and the objective function can be 
found in Alhajeri et al. (2011) and in Chapter 3 of this thesis.  
The cost of generation is modeled as:  
Total Costi ($/MWh) = Hi(pfi + psi×Si + pni×Ni) + O&Mi,     
 (1)   
where for each generator i, Hi is its heat rate in MMBTU/MWh, pfi is the price of 
fuel in $/MMBTU, psi is the price of SO2 permits in $/ton (the results reported here 
assumed a SOx emissions price of 500 $/ton), Si is‎ the‎ unit’s‎ SO2 emission rate in 
tons/MMBTU, pni is the price of NOx permits ($/ton) and Ni is‎the‎unit’s‎NOx‎emission‎
rate (tons/MMBTU), and O&Mi is‎the‎unit’s‎variable‎operation‎and‎maintenance‎costs‎in 
$/MWh. The costs of generation are based on heat rate (Hi) data in the Emissions and 
Generation Resource Integrated Database (eGRID) 2005 (EPA 2010). Energy 
Information Administration (EIA) data on the price of fuel (pfi), fixed and variable 
operating and maintenance costs (O&Mi) were used to estimate the generation cost (EIA 
2011).  
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4.2.3 NOx reductions Costs for SNCR and SCR 
The costs associated with dispatching generation to reduce NOx emissions will be 
compared to costs associated with conventional control technologies, specifically 
Selective Non-Catalytic Reduction (SNCR) and Selective Catalytic Reduction (SCR).  
SNCR is a post combustion technology that can reduce NOx emissions by 30% to 50% 
through the injection of a reducing agent in the flue gas (EPA 2003). In this study, a 40% 
reduction in NOx emissions was assumed (NESCAUM, 1998). Because SNCR is not 
generally cost-effective for natural gas units (EPA 2003; ICAC 2000; NESCAUM 1998), 
it was assumed that SNCR would be applied only on coal-fired units. The typical capital 
cost for SNCR is $15/kW (NESCAUM 1998), and assuming this is applied to all of the 
nameplate capacity (G) for coal-fired EGUs in the ERCOT grid (22,651 MW) (ERCOT 
2011) leads to a capital cost (P) estimate of: 
P = $15/kW × 22,651 MW × 1000kW/MW = $340M 
To convert the total capital cost (P) into an annual payment (Ac), it was assumed 
that the technology has a life time of 15 years and a real cost of capital rate of 6.65% 
(NESCAUM 1998). Therefore the annual payment (Ac) is: 
Ac = (P×
        
        
) =$36.5(Million $ per year)  
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Coal EGUs in ERCOT have NOx emissions rates less than 0.45 (lb/MMBTU 
[MMBTU: million British thermal units]). NESCAUM (1998) estimated that the annual 
capital and operating cost for a boiler with a NOx emission rate less than 0.45 (lb/ 
MMBTU) to be between 0.78 and 1.05 ($/MWh). In addition, NESCAUM (1998) 
assumed a typical capacity factor of 0.65. Therefore, the average monthly operation and 
maintenance cost (O&M) is: 
O&M = [Annual Control Cost($/MWh)×G×Capacity Factor-Annual Capital Cost($)]/12   
O&M = [(0.78-1.05)($/MWh) ×22,651(MW)×0.65×24(hr/d) × 365(d/yr) - $36.5M]/12  
O&M = 5.3 – 8.2 (Million $ per month).  
Since a large portion of SNCR costs are operating costs, SNCR is an effective 
technology option for seasonal NOx reduction. Thus, it was assumed that the operation of 
SNCR is only during the 6-month ozone season in Texas (May 1 to October 31) and the 
SNCR is not operated outside of the ozone season. Therefore, the total annual cost is 
equal to the summation of the annual capital cost and the 6-month O&M costs.  
Total Annual Cost =[(5.3 – 8.2)(Million $/month)× 6(month/year)+36.5(Million $/year)] 
Total Annual Cost =(68.3 – 85.7) (Million $/6 month period) 
 
Converting this cost into a cost per MWh during the ozone season  
Total Annual Cost=(68.3–85.7) (Million $/6 month period)/(22651×0.65×24×(365/2)) 
Total Cost per MWh = (1.1 – 1.3) ($/MWh) 
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These values are based on 1998 Dollars. Converting the 1998 to 2008 Dollars 
using the Consumer Price Index (CPI) yielded a total annual cost between 1.45 and 1.7 
($/MWh). The average NOx emission rate for coal-fired EGUs in ERCOT grid is 2.2 
lb/MWh. Assuming that the SNCR technology reduces NOx by 40% (0.88 lb/MWh) 
means that the  cost per ton of NOx reduced is between 3,300 and 3,900 ($/short ton of 
NOx reduced).  
Selective Catalytic Reduction (SCR) can reduce NOx levels from 70% to 90% 
(ICAC 2000); however, SCR has a higher capital cost compared to SNCR. In this study, a 
typical NOx reduction of 80% was assumed for SCR (NESCAUM 1998). NESCAUM 
(2007) estimated the capital cost to be between 100 and 200 ($/kW) in 2005. SCR was 
assumed to be installed at all coal-fired facilities in ERCOT grid. Applying a similar 
approach to that used in SNCR cost estimation, the capital cost (P) for SCR technology is 
between 2.3 and 4.5 (Billion $ per year), this yielded an annual capital cost (Ac) between 
243 and 486 (Million $ per year). The typical O&M cost for the SCR is less than 1% of 
the total annual capital cost (NESCAUM 2007); leading to an annual O&M cost of 2.43 – 
4.86 (Million $ per year). The total annual cost is the summation of the annual capital 
cost and the annual O&M cost.  
Total Annual Cost = 245 - 491 (Million $ per year). 
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SCR is generally operated to control NOx emissions on an annual basis; however, 
for parallel comparison, it will be assumed that the entire cost is assigned to the 6-month 
ozone season. Applying a similar approach to that used in estimating SNCR costs, the 
total annual cost of SCR, assuming 100% of coal-fired EGUs install SCR is: 
Total Annual Cost = 245 - 491 (Million $ per year)  
Converting this cost into a cost per MWh  
Total Annual Cost = (245 – 491) (Million $/6 month period)/22651×0.65×24×(365/2) 
Total Cost per MWh = (3.8 – 7.6) ($/MWh) 
Converting the 2005 to 2008 Dollars using the Consumer Price Index (CPI) 
yielded a total annual cost between 272 and 541 (Million $/6 month period), a total cost 
per MWh between 4.2 and 8.4 ($/MWh).  Since the control effectiveness of SCR is 
assumed to be 80%, 1.76 lb of NOx are reduced per MWh, making the cost per ton of 
NOx reduced between $4,800 and $9,600.    
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4.3 RESULTS AND DISCUSSION 
4.3.1 The impacts of different electricity demand levels on the degree of cleanup 
resulting from environmental dispatching 
For each of the six days that were simulated, five scenarios were considered, 
corresponding to NOx emission prices of $0/ton (base case), $2,000/ton, $10,000/ton, 
$25,000/ton, and $50,000/ton. SOx and CO2 emission prices for these scenarios were 
held constant at $500/ton and $0/ton, respectively. All emission prices were applied 
uniformly on all electricity generation units.  
4.3.1.1 Changes in NOx, SOx and CO2 emissions rates 
As expected, emissions decrease on low electricity demand days and increase on 
high electricity demand days. NOx emissions for the base case ($0/ton NOx) ranged from 
223.6 tons/day on the lowest demand day to 400 tons/day on the highest demand day.  
Increasing the cost of NOx emissions alters the least-cost dispatch order of generators, 
causing a dispatch from high NOx emitting units to low NOx emitting units.  
The air quality benefits of using market-oriented price signals for NOx emissions 
to switch generation from high NOx emitting units to low NOx emitting units are not 
limited only to the NOx emission rate. The results show co-reductions in SOx and CO2 
emissions as NOx emission price increased. Table 4-2 lists NOx emission rates at 
different electricity demand levels for the base case in addition to scenarios with NOx 
emission prices of $2,000/ton, $10,000/ton, $25,000/ton and $50,000/ton. Table 4-2 also 
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reports SOx and CO2 emissions rates for the base cases and NOx pricing scenarios at 
different demand levels.  
Table ‎4-2: The increases in electricity load (GWh) lead to increases in NOx, SOx and 
CO2 emission rates as tons/day. 
Scenarios 675 GWh 704 GWh 826 GWh 970 GWh 
1004 
GWh 
1150 
GWh 
 
NOx Emission Rate (tons/day) 
Base Case 223.6 235.1 272.7 321.0 335.7 400.0 
$2,000/ton 142.3 152.2 189.8 239.2 255.9 324.9 
$10,000/ton 84.3 90.4 117.4 160.3 177.4 244.6 
$25,000/ton 78.2 84.5 109.2 144.5 160.5 227.1 
$50,000/ton 75.2 81.6 107.4 142.9 158.4 225.5 
       
 
SOx Emission Rate (tons/day) 
Base Case 159.3 162.9 187.2 219.4 230.3 265.1 
$2,000/ton 97.0 102.1 124.7 153.1 165.1 207.7 
$10,000/ton 38.3 38.6 50.9 76.9 89.6 130.1 
$25,000/ton 37.9 38.2 39.2 53.3 62.8 102.0 
$50,000/ton 37.6 37.9 38.9 45.4 54.0 93.6 
       
 
CO2 Emission Rate (tons/day) 
Base Case 365,000 385,000 452,000 536,000 559,000 653,000 
$2,000/ton 302,000 321,000 394,000 480,000 506,000 607,000 
$10,000/ton 248,000 265,000 334,000 424,000 452,000 557,000 
$25,000/ton 243,000 262,000 328,000 413,000 440,000 544,000 
$50,000/ton 242,000 260,000 327,000 411,000 437,000 540,000 
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All of the NOx pricing scenarios, at all demand levels, showed a decrease in total 
NOx, SOx and CO2 emissions relative to the base cases.  Reductions in NOx emissions 
ranged from 81 to 148 (tons/day) at the lowest demand level and from 75 to 174 
(tons/day) at the highest demand level. SOx and CO2 emissions ranged from 62 to 122 
and 63,000 to 123,000 (tons/day), respectively, at the lowest demand level. When 
electricity demand is high, reductions ranged from 57 to 172 (tons/day) for SOx 
emissions and from 46,000 to 114,000 (tons/day) for CO2 emissions. At each NOx price 
level, as the demand for electricity increases, the percentage of reduction for all 
pollutants decreases (although the absolute magnitude of the reductions is relatively 
constant). This is due to the increase in base case emission rates as the demand increases.  
Figure 4-2 shows percentage changes in emissions, as a function of electricity demand 
and Figure 4-3 shows the mass of (a) NOx, (b) SOx and (c) CO2 reduced relative to the 
base case at different generation levels.  
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Figure ‎4-2: Percentage reductions in (a) NOx, (b) SOx and (c) CO2 emissions for different 
NOx emission prices at different daily demand levels.  
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Figure ‎4-3: Tons of (a) NOx, (b) SOx and (c) CO2 reduced for different NOx emission 
prices at different daily demand levels.  
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In general, imposing higher NOx emission prices has the ability to force the grid 
to generate electricity from low NOx emitting units. The absolute amount of emission 
reduction is relatively independent of electricity demand level, especially at low NOx 
prices (as can be seen in the blue and red bars in Figure 4-3).  However, the cost per ton 
of emission reduced increases as demand levels increases, as shown in subsequent 
sections.  
4.3.1.2 Water Consumption 
Table 4-3 shows the daily water consumption (m
3
/day), and savings in water 
consumption relative to the base case, at different NOx emission prices for each demand 
level.‎ The‎ number‎ of‎ people‎who‎would‎ have‎ access‎ to‎ the‎municipal‎ water‎ (“human‎
equivalent”)‎due‎to‎the‎water‎saved‎was‎also‎estimated.‎It‎was‎assumed that daily use of 
water per person was 138 gal (0.53 m
3
). Imposing higher NOx emission price has the 
ability to force the system to reduce water consumption and result in savings that range 
from 48,000 m
3
/day to 183,000 m
3
/day.  
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Table ‎4-3: Daily water consumption increases as the daily load increases; however, the 
imposition of higher NOx emission prices has the potential to reduce the water 
consumption.  
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
Daily water 
consumption 
(x1000 
m
3
/day) 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
  
675 GWh  
 
704 GWh 
 0 868 0 0 917 0 0 
2,000 794 74 140,000 845 72 136,000 
10,000 708 161 303,000 753 164 309,000 
25,000 691 177 334,000 738 179 338,000 
50,000 692 177 333,000 734 183 345,000 
  
826 GWh 
  
970 GWh 
 0 1075 0 0 1251 0 0 
2,000 1002 73 137,000 1190 62 116,000 
10,000 916 159 300,000 1114 137 259,000 
25,000 901 174 329,000 1103 149 281,000 
50,000 900 175 330,000 1100 151 286,000 
  
1004 GWh 
  
1150 GWh 
 0 1300 0 0 1498 0 0 
2,000 1243 58 109,000 1450 48 90,000 
10,000 1172 128 242,000 1400 98 185,000 
25,000 1161 139 263,000 1389 109 206,000 
50,000 1159 142 267,000 1383 114 216,000 
Figure 4-4 shows the percentage reduction in daily water due to higher NOx 
emission prices on each day relative to its base case.  Figure 4-5 shows the volume of 
water saved for different NOx pricing at different demand levels, relative to the base 
case. Figure 4-5 indicates that the behavior of water consumption is different than the 
behavior of emissions. Unlike the absolute amount of emission reduction, the volume of 
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water saved is highly sensitive to the electricity demand level. As the electricity demand 
level increases, the volume of water saved drops significantly because it is more difficult 
to switch from coal to less water intense natural gas generation.    
 
Figure ‎4-4: The percentage of reductions in daily water consumption for six days with 
various electricity demands at different NOx emission prices. 
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Figure ‎4-5: Volume of water saved for six days with various electricity demands at 
different NOx emission prices. 
4.3.1.3 Dispatching cost at different demand levels 
Changes in generation costs, and NOx permit costs, for the base case and NOx 
pricing scenarios is shown in Figure 4-6. The added cost (change in generation and 
emission pricing costs) per MWh generated is also shown in Figure 4-6.  
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Figure ‎4-6: Generation and emissions cost for NOx pricing scenarios at different demand 
levels.  
The change in the total cost and the added cost per MWh generated for NOx 
pricing scenarios depend on the level of electricity demand. The increase in generation 
cost is attributed to the switch from coal-fired units to natural gas-fired units which have 
higher fuel price relative to coal (assuming a price of $3.87 per MMBTU for natural gas, 
and $1.89 per MMBTU for coal). As expected, increasing the level of electricity demand 
increased total generation cost and the added cost of the dispatching per MWh generated. 
Table 4-4 presents the generation cost for the base case at different demand levels and the 
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changes in generation cost relative to the base case, where change in generation costs 
accounts for the changes in the cost of fuels used by the EGUs.  
Table ‎4-4: The generation cost for the base case ($/day) and the changes in generation 
cost for each NOx pricing scenario.  
  675 GWh 704 GWh 826 GWh 970 GWh 1004 GWh 1150 GWh 
Base Case 
($/day) 
16,200,000 17,330,000 21,440,000 26,360,000 27,740,000 33,340,000 
 
Changes in Generation Cost ($/day) 
$2,000/ton 144,000 151,000 155,000 156,000 157,000 159,000 
$10,000/ton 1,254,000 1,312,000 1,444,000 1,527,000 1,543,000 1,560,000 
$25,000/ton 2,101,000 2,226,000 2,458,000 3,016,000 3,111,000 3,592,000 
$50,000/ton 2,671,000 2,789,000 3,085,000 3,972,000 4,150,000 4,935,000 
In addition, Table 4-5 shows the generation cost per ton of NOx reduced for 
various electricity demands at different NOx emission prices.  As the demand level 
increases, so does the added cost per ton of NOx reduced. At low demand, the added cost 
per ton of NOx reduced ranged from 1,770 to 18,000 ($/ton of NOx reduced). When 
electricity demand is high, the range of added cost rises to be between 2,000 and 28,000 
($/ton of NOx reduced).  The costs at NOx prices of $25,000/ton and $50,000/ton are 
higher than the costs for SNCR ($3,300-3,900/short ton NOx reduced) and SCR ($4,800-
9,600/short ton NOx reduced), however, the control technologies reduce only NOx, while 
the dispatching has the added benefit of reducing water use and SOx, and CO2 emissions. 
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The value of these co-benefits will be roughly approximated by assuming a credit for 
SOx reductions of $500 per ton, for CO2 reductions of $10 per ton and for water use of 
$0.1 per cubic meter.  Table 4-6 shows the costs of the dispatching, accounting for these 
credits for SOx and CO2 emissions and water consumption.  
Table ‎4-5: The cost of electricity generation per ton of NOx reduced at different demand 
levels.  
Scenarios 675 GWh 704 GWh 826 GWh 970 GWh 1004 GWh 1150 GWh 
 
Added Cost (generation) per ton of NOx Reduced 
$2,000/ton 1,770 1,800 1,870 1,900 1,950 2,000 
$10,000/ton 9,000 9,100 9,300 9,500 9,750 10,000 
$25,000/ton 14,400 14,800 15,000 17,000 17,800 21,000 
$50,000/ton 18,000 18,200 19,000 22,300 23,400 28,000 
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Table ‎4-6: Prices revenues for SOx and CO2 emissions and water use.  
Scenarios 675 GWh 704 GWh 826 GWh 970 GWh 1004 GWh 1150 GWh 
 
SOx Reductions Revenues ($/day) 
$2,000/ton 31,200 30,400 31,300 33,200 32,600 28,700 
$10,000/ton 60,500 62,200 68,200 71,300 70,400 67,500 
$25,000/ton 60,700 62,400 74,000 83,100 83,800 81,600 
$50,000/ton 61,000 62,500 74,200 87,000 88,200 85,800 
 
CO2 Reductions Revenues ($/day) 
$2,000/ton 630,000 640,000 580,000 560,000 530,000 460,000 
$10,000/ton 1,170,000 1,200,000 1,180,000 1,120,000 1,070,000 960,000 
$25,000/ton 1,220,000 1,230,000 1,240,000 1,230,000 1,190,000 1,090,000 
$50,000/ton 1,230,000 1,250,000 1,250,000 1,250,000 1,220,000 1,130,000 
 
Water Saved Revenues ($/day) 
$2,000/ton 7,400 7,200 7,300 6,200 5,800 4,800 
$10,000/ton 16,000 16,400 15,900 13,700 12,800 9,800 
$25,000/ton 17,700 18,000 17,400 14,900 13,900 10,900 
$50,000/ton 17,600 18,300 17,500 15,200 14,200 11,400 
The largest of the revenues are due to potential CO2 credits.  Credits for SOx 
reductions and water use reduction are relatively negligible.  The summation of revenues 
in Table 4-6 were added (as a profit) to the total cost of electricity dispatching (Table 4-4) 
and the added cost per ton of NOx reduced (Table 4-5). The new costs estimations are 
shown in Table 4-7.  The dispatching scenarios at NOx price of $2,000/ton resulted in a 
net decrease in generation cost relative to the base case when adding these revenues.  
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Also, Addition of these revenues (especially for CO2 credits) makes dispatching costs 
comparable to SCR costs, at nearly all demand levels, and comparable to SNCR costs at 
low to moderate demand levels.     
Table ‎4-7: The generation cost for the base case ($/day), the changes in generation cost 
($/day) and the cost of electricity generation per ton of NOx reduced ($/ton of NOx 
reduced) at different demand levels for each NOx pricing scenario after adding the 
revenues for co-benefits. A‎negative‎sign‎“-“‎means‎a‎net‎decrease‎in‎generation‎cost‎
relative to the base case. 
  675 GWh 704 GWh 826 GWh 970 GWh 1004 GWh 1150 GWh 
Base Case 
($/day) 
16,200,000 17,330,000 21,440,000 26,360,000 27,740,000 33,340,000 
 
Changes in Generation Cost ($/day) (with Revenues) 
$2,000/ton -524,600 -526,800 -463,600 -443,000 -412,800 -334,400 
$10,000/ton 6,900 33,200 179,800 321,700 390,100 529,800 
$25,000/ton 803,000 916,100 1,126,000 1,688,000 1,823,000 2,410,000 
$50,000/ton 1,362,000 1,458,000 1,743,000 2,620,000 2,828,000 3,707,000 
       
 
Added Cost (generation) per ton NOx Reduced (with Revenues) 
$2,000/ton -6,400 -6,300 -5,600 -5,400 -5,200 -4,200 
$10,000/ton 50 230 1,200 2,000 2,500 3,400 
$25,000/ton 5,500 6,100 6,900 9,600 10,400 14,000 
$50,000/ton 9,200 9,500 10,600 14,700 16,000 21,000 
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4.4 CONCLUSION 
The analyses presented here indicate that using market-oriented price signals for 
NOx emissions has the potential reduce NOx emissions by more than 40% even on high 
demand days.  Co-benefits of dispatching to low-NOx emitting EGUs include lower SOx 
and CO2 emissions and lower water use.  While increased generation costs per ton of 
NOx reduced are generally higher than estimates of the costs of control technologies 
(SNCR and SCR), if credits are assigned to the co-benefits of reducing water use and 
reduced SOx and CO2 emissions, dispatching costs become comparable to control 
technology costs.  These co-benefit credits are dominated by the credits for CO2 emission 
reductions. The next chapter examines the sensitivity of dispatching strategies to assumed 
CO2 costs.         
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CHAPTER 5: Assessing the Impacts of CO2 and NOx Pricing 
Policies on Electric Power System: Trade-offs and Co-benefits3 
 
5.1 INTRODUCTION: 
Chapters 3 and 4 of this thesis simulated the impacts of using market-based 
dispatching in electricity generation units, focusing on pricing of NOx emissions.  The 
simulations revealed that increasing NOx prices led to reductions in emissions of CO2, 
and that placing a value of $10/ton on the CO2 emissions could significantly change the 
cost of market based dispatching, relative to conventional NOx control strategies.  This 
Chapter explores this interaction between NOx and CO2 emissions in more detail by 
examining the use of market-based dispatching with CO2 pricing alone and CO2 pricing 
in combination with NOx prices.   
5.2 METHODS: 
5.2.1 Modeling domain and framework:  
The modeling framework for applying market-based dispatching with 
environmental price signals in ERCOT has been described in Chapter 3 and is briefly 
summarized here. The state of Texas and the electricity grid that serves most of the state 
(ERCOT) was used as a case study. The geographic area covered by ERCOT includes 
                                                          
3 Manuscript in preparation for submission to Environmental Research Letters. Co-author: David T. Allen 
(the dissertation supervisor). 
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regions with air pollution constraints (eastern Texas) and regions with water-shortage 
constraints (western Texas), which make ERCOT a valuable domain for the integrated 
model. The dispatching scenarios were simulated for the 24 hours of June 25, 2008. This 
day was used because it was associated with moderate to high electricity demand 
(ERCOT 2010), air quality constraints (TCEQ 2010) and potential water scarcity 
(National Drought Mitigation Center 2011).  The same analyses reported in this chapter 
were also conducted for a variety of levels of electricity demand, using data from the 
summer of 2008 (the same days that were modeled in Chapter 4). The results are shown 
in Appendix C. In addition, Appendix D simulates the highest demand day in 2008 as a 
case study to assess the limits of both benefits and trade-offs that could be achieved by 
imposing higher environmental signals.4  
Electricity generation units contained within ERCOT have a wide diversity of 
fuels, and NOx and CO2 emissions rate (lb/MWh). Figure 5-1 (a and b) shows the 
heterogeneity in NOx and CO2 emissions rates (lb/MWh) associated with electricity 
generation for Texas power plants. For example, Figure 5-1 (a) shows that gas turbine 
units have lower NOx emissions (averaging 0.6 lb/MWh) than steam gas and steam coal 
(1.6 and 1.9 lb/MWh respectively); however, they generate less electricity. In addition, 
steam coal units generate more electricity than gas steam units, even though the coal 
                                                          
4 Appendix D has been published in the Air and Waste Management Association Conference, 2012.   
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steam units have higher CO2 emissions rates, as shown in Figure 5-1 (b).  These patterns 
suggest that imposing NOx and CO2 prices will have the ability to drive generation to 
low NOx and CO2 emitting facilities.   
 
Figure ‎5-1 The variation in (a) NOx and (b) CO2 emissions rate (lb/MWh) for Texas 
power plants shows the potential for shifting generation from high NOx and CO2 emitting 
units to low NOx and CO2 emitting units. 
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5.2.2 Mapping the interconnection between emission inventories, water use and 
electricity re-dispatch model: 
NOx and CO2 emissions inventories were developed based on the Emissions & 
Generation Resource Integrated Database (eGRID) 2005 (EPA, 2010). Water 
consumption rates (gal/KWh) as reported in (King et al. 2008) were used to calculate 
water consumption for each power plant. The electric power system model database was 
obtained from ERCOT based on 2008 generation (ERCOT 2010). These databases were 
linked, and spatially matched using cross-reference files and ArcGIS software to allow 
air quality, water and power system models to exchange information.   
5.2.3 Electricity generation model and cost estimation:  
An optimal power flow model, the PowerWorld Simulator, was used to simulate 
the electricity generation redispatching scenarios within ERCOT under different NOx and 
CO2 prices. The model output is hourly MWh for each generation unit in Texas. The 
model accounts for the electricity demand and transmission network constraints. The cost 
model of operating the power system includes: fuel price, emissions prices for NOx, CO2 
and SO2; and fixed and variable operating and maintenance costs. A SO2 price of 
$500/ton was assumed for all scenarios. The hourly demand scenarios are redispatched 
based on minimizing the overall system cost and subject to a set of equality and 
inequality constraints. More discussion about the electricity generation modeling and cost 
estimation is available in Chapter 3.  
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5.2.4 Scenarios under higher NOx and CO2 allowance prices:  
The optimal power flow method was used to simulate multiple scenarios to assess 
the impacts of different NOx and CO2 prices alone or in combination. Nineteen scenarios 
plus the base case (the base case NOx and CO2 prices are both equal to $0/ton) were 
examined. The scenarios were divided into four tiers.  Tiers 1, 2, 3 and 4 had CO2 
emissions prices of $0/ton, $10/ton, $25/ton and $50/ton, respectively. Each tier has five 
scenarios, based on increasing NOx emissions price ($0/ton, $2000/ton, $10000/ton, 
$25000/ton and $50000/ton). NOx and CO2 emission prices were applied uniformly on 
all electricity generation units.  
5.3 RESULTS: 
5.3.1 Electricity Generation responses to NOx and CO2 pricing: 
The impacts of NOx and CO2 market-based environmental pricing schemes on 
NOx and CO2 emissions rates were estimated and compared relative to the base case. 
Table 5-1 shows daily NOx and CO2 emissions rates (ton/day), reductions in NOx and 
CO2 emissions, and the percentage of reductions for each scenario in the four tiers. 
Reductions in NOx and CO2 emissions rates ranged from 87.9 to 198.2 tons/day and 
54,900 to 162,500 tons/day respectively. Increasing the cost associated with NOx 
emissions alone or in combination with CO2 emissions drives the system in the same 
direction, substituting coal-fired electricity generation with natural gas-fired generation, 
causing reductions in NOx and CO2 emissions. However there are some trade-offs; for 
109 
 
example, maximum NOx reductions decreased slightly as CO2 prices increased.  Figure 
5-2 (a and b) shows the percentage reduction in NOx and CO2 emissions over the 
ERCOT grid as a result of the electricity re-dispatch for the four CO2 price tiers under 
different NOx allowance pricing scenarios. In each tier (fixed CO2 price), as NOx price 
increases so too does the percentage reduction in NOx emissions. If the target is to reduce 
NOx emissions from the electricity generation system, however, then Figure 5-2 (a) 
suggests that the lowest possible CO2 price should be used.   
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Table ‎5-1: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage of 
change in NOx and CO2 emissions for each scenario relative to the base case.  
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Change in 
NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Change in 
CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 393.1 0 0 630,300 0 0 
2,000 305.2 87.9 -22.4 575,400 54,900 -8.7 
10,000 217.8 175.3 -44.6 516,900 113,500 -18.0 
25,000 197.1 196.0 -49.9 501,700 128,600 -20.4 
50,000 194.9 198.2 -50.4 497,600 132,700 -21.1 
 
Tier 2: CO2 price = $10/ton 
0 281.9 111.2 -28.3 495,500 134,800 -21.4 
2,000 260.2 132.8 -33.8 491,100 139,300 -22.1 
10,000 221.3 171.8 -43.7 488,100 142,300 -22.6 
25,000 204.2 188.9 -48.1 487,800 142,600 -22.6 
50,000 199.0 194.1 -49.4 489,300 141,000 -22.4 
 
Tier 3: CO2 price = $25/ton 
0 271.8 121.3 -30.9 473,900 156,400 -24.8 
2,000 261.0 132.0 -33.6 473,400 156,900 -24.9 
10,000 236.1 156.9 -39.9 474,100 156,300 -24.8 
25,000 216.9 176.2 -44.8 478,800 151,500 -24.0 
50,000 206.8 186.3 -47.4 482,400 147,900 -23.5 
 
Tier 4: CO2 price = $50/ton 
0 270.8 122.3 -31.1 467,900 162,500 -25.8 
2,000 266.1 126.9 -32.3 468,100 162,200 -25.7 
10,000 248.4 144.6 -36.8 468,400 161,900 -25.7 
25,000 229.6 163.5 -41.6 471,700 158,600 -25.2 
50,000 215.5 177.6 -45.2 476,100 154,200 -24.5 
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Figure ‎5-2: Percentage of reduction in (a) NOx and (b) CO2, emission rates under 
different NOx and CO2 allowance prices. 
While CO2 pricing limits the amount of NOx emission reductions, CO2 pricing in 
the absence of NOx prices (emission price of $0/ton) still drives significant NOx 
reductions.  This is due to shifting of generation away from high CO2 emitting facilities, 
which are generally also high NOx emitting facilities.  
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5.3.2 The impacts on coal and natural gas utilities: 
The imposition of higher NOx and CO2 prices drives generation from coal to 
natural-gas fired electric generation units which tend to have, in general, lower NOx and 
CO2 emission rates than coal. Coal-fired electric generation units show reductions in 
NOx and CO2 emission rates in all scenarios, with maximum reductions of 91% for both 
NOx and CO2. The impacts of imposing higher NOx and CO2 emissions prices on the 
emissions of coal and natural gas generators are shown in Tables 5-2 and 5-3. As the 
NOx price increases at low CO2 prices, NOx and CO2 emission rates in coal utilities tend 
to decrease. However, at high CO2 emission prices (i.e., $50/ton), increasing the NOx 
emission price has almost negligible effects on NOx emissions rates.  
In contrast, natural gas-fired electric generation units show increases in both NOx 
and CO2 emissions rates, as shown in Tables 5-2 and 5-3. Maximum increases in NOx 
and CO2 emissions are 47% and 36%, respectively.  As NOx price increases at low CO2 
prices, so too do CO2 emissions rates, due to dispatching of electricity generation from 
units with high- to those with low-NOx emission rates that produce relatively higher CO2 
emissions.  However, at higher CO2 prices, any increases in NOx prices result in 
reduction in both NOx and CO2 emissions compared to scenarios with lower CO2 prices.  
In general, increasing the cost associated with carbon emissions will shift the 
generation from coal units (high-emitting NOx and CO2 generators) to natural gas units 
(low-emitting NOx and CO2 generators).  
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Table ‎5-2: Percentage of change in NOx emissions rates at different NOx and CO2 prices 
relative to the base case. 
% of change in NOx emissions 
  Coal Generators   NG Generators 
NOx price 
($/ton)  
CO2 price ($/ton)  
CO2 price ($/ton) 
 
0 10 25 50 
 
0 10 25 50 
0 0 -69 -85 -90 
 
0 24 41 47 
2,000 -25 -73 -85 -90 
 
-19 18 35 44 
10,000 -66 -80 -87 -91 
 
-18 3 22 35 
25,000 -79 -84 -87 -90 
 
-13 -2 11 23 
50,000 -83 -86 -88 -90   -9 -3 5 13 
 
Table ‎5-3: Percentage of change in CO2 emissions rates at different NOx and CO2 prices 
relative to the base case. 
% of change in CO2 emissions 
 Coal Generators   NG Generators 
NOx price 
($/ton) 
CO2 price ($/ton)  CO2 price ($/ton) 
 0 10 25 50  0 10 25 50 
0 0 -69 -85 -91 
 
0 23 32 36 
2,000 -19 -71 -85 -91 
 
0 23 31 35 
10,000 -54 -74 -85 -90 
 
13 24 31 34 
25,000 -67 -76 -83 -88 
 
20 25 30 33 
50,000 -72 -77 -81 -85   23 26 29 32 
5.3.3 Temporal variation of NOx and CO2 emission rates  
The percentage of NOx and CO2 reductions that result from re-dispatching the 
generation vary during the day, based on hourly demand. Peak demand hours tend to 
have lower NOx and CO2 reductions than average demand hours for two reasons. First, 
the demand during peak hours reaches its maximum, reducing the flexibility of re-
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dispatching between generators. Also, as demand increases, generation units that have 
higher NOx and CO2 emission rates and lower efficiency enter the generation mix.  
Figure 5-3 (a, b and c) shows the temporal profile of percentage reduction in NOx, CO2 
and SOx emissions rates. Panel (a) is for NOx price =$2000/ton and CO2 price =$0/ton. 
Even at the peak demand hour, this scenario shows reductions of 17.5%, 7.3% and 11.6% 
for NOx, CO2 and SOx respectively. Panel (b) is for NOx price =$50,000/ton and CO2 
price =$0/ton and Panel (c) is for NOx price =$0/ton and CO2 price =$50/ton. In general 
for all panels, the hourly percentage reductions increase at low demand hours, decrease at 
average demand hours, and reach the minimum at peak demand hours.  This diurnal 
variation in emission reductions might have implications for atmospheric photochemistry.   
This issue will be explored in the next chapter. 
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Figure ‎5-3: Hourly % reduction in NOx, CO2 and SOx emissions. Panel (a) is for NOx 
price =$2000/ton and CO2 price =$0/ton; Panel (b) is for NOx price =$50,000/ton and 
CO2 price =$0/ton and Panel (c) is for NOx price =$0/ton and CO2 price =$50/ton. 
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5.3.4 Co-Benefits: SOx and Hg reductions through power plant redispatch: 
The benefits of the redispatching of generation are not limited only to lowering 
NOx and CO2 emissions rates. There are co-benefits including reductions in the 
emissions of SOx and Hg. Table 5-4 lists SOx and Hg daily emissions rates in addition to 
reductions and percentage reductions relative to the base case. SOx and Hg are highly 
correlated with CO2 emissions because they are, mainly, generated from coal burning. 
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Table ‎5-4: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
change in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Change in 
SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Change in 
Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 247.2 0 0 20.4 0 0 
2,000 185.6 61.6 -24.9 17.0 3.4 -16.8 
10,000 108.9 138.4 -56.0 8.0 12.5 -61.1 
25,000 83.4 163.8 -66.3 4.8 15.7 -76.6 
50,000 72.0 175.2 -70.9 3.8 16.6 -81.3 
 
Tier 2: CO2 price = $10/ton 
0 107.2 140.1 -56.7 6.3 14.1 -69.1 
2,000 98.4 148.8 -60.2 5.6 14.8 -72.5 
10,000 84.4 162.8 -65.9 4.4 16.0 -78.4 
25,000 71.1 176.1 -71.2 3.5 17.0 -83.0 
50,000 66.3 180.9 -73.2 3.1 17.3 -84.6 
 
Tier 3: CO2 price = $25/ton 
0 72.4 174.8 -70.7 2.7 17.7 -86.7 
2,000 70.8 176.5 -71.4 2.7 17.7 -86.7 
10,000 66.5 180.8 -73.1 2.5 17.9 -87.8 
25,000 65.4 181.9 -73.6 2.6 17.9 -87.4 
50,000 62.9 184.3 -74.5 2.5 17.9 -87.7 
 
Tier 4: CO2 price = $50/ton 
0 62.0 185.2 -74.9 1.6 18.9 -92.2 
2,000 61.9 185.3 -75.0 1.6 18.8 -92.2 
10,000 59.5 187.8 -75.9 1.6 18.8 -92.2 
25,000 59.3 187.9 -76.0 1.8 18.7 -91.4 
50,000 59.2 188.0 -76.0 2.0 18.5 -90.4 
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5.3.5 The impacts of imposing higher NOx and CO2 allowance prices on water 
consumption: 
In addition to the changes in air pollutant emissions rates, the impact on water 
consumption was analyzed. Water consumption factor (gal/KWh) for each power plant 
which represents an average power facility of a given fuel type, prime mover (e.g. 
Natural Gas Combined Cycle (NGCC), Steam Turbine (ST), Gas Turbine (GT), etc.) and 
cooling system (King et al., 2008) was used to calculate total water consumption 
(m
3
/day).   
Daily water consumption ranged from 1,431 (x1000 m
3
/day) for the base case to 
1,291 (x1000 m
3
/day) when NOx price = $25,000/ton and CO2 price = $25/ton 
respectively as shown in Table 5-5. In general, all scenarios show reductions in water 
consumption relative to the base case. Figure 5-4 shows the total percentage of reductions 
due to imposing higher NOx and CO2 prices for each re-dispatching scenario relative to 
the base case. 
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Table ‎5-5: Percentage of changes in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of change 
in water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 1431 0.0 0 0 
2,000 1370 -4.3 62 116,000 
10,000 1319 -7.9 113 213,000 
25,000 1316 -8.1 115 218,000 
50,000 1314 -8.2 117 221,000 
 
Tier 2: CO2 price = $10/ton 
0 1326 -7.4 105 199,000 
2,000 1309 -8.6 123 231,000 
10,000 1296 -9.4 135 255,000 
25,000 1296 -9.5 136 256,000 
50,000 1304 -8.9 128 241,000 
 
Tier 3: CO2 price = $25/ton 
0 1320 -7.8 111 210,000 
2,000 1308 -8.6 123 232,000 
10,000 1293 -9.7 139 262,000 
25,000 1291 -9.8 140 265,000 
50,000 1296 -9.5 135 255,000 
 
Tier 4: CO2 price = $50/ton 
0 1322 -7.6 109 206,000 
2,000 1319 -7.9 112 212,000 
10,000 1305 -8.8 126 238,000 
25,000 1295 -9.5 136 257,000 
50,000 1293 -9.6 138 260,000 
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Figure ‎5-4: Total percentage of reductions due to imposing higher NOx and CO2 prices 
for each re-dispatching scenario relative to the base case. 
 
For coal-fired electric power plants, the results showed that as the price of CO2 
increases (when the NOx price does not change), water consumption decreases; the 
reduction can reach 85% when the CO2 price is equal to $50/ton (Tier 4 in Figure 5-5). In 
contrast, for natural gas fired power plants, as the CO2 price increases, so, too, does the 
water consumption in this sector. As explained previously, higher CO2 prices shift power 
generation away from coal to other types of fuels, such as renewable, nuclear, and mostly 
natural gas. This shifting led to an increase in electricity generation from natural-gas-
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fired power plants, which results in higher water consumption relative to the base case (in 
which the total electricity generated from natural gas units is less).  
Generation from other electric power generators (such as those fueled by nuclear, 
waste heat, or purchased heat) initially increases when NOx or CO2 emission price is 
introduced, but then showed almost constant generation profiles; therefore, they have 
constant water consumption profiles regardless of NOx or CO2 prices.  
 
Figure ‎5-5: Percentage of change (increase or decrease) in water consumption for both 
coal and natural gas fired power plant in response to different NOx and CO2 prices. 
CO2 Price = $0/ton 
CO2 Price = $10/ton 
CO2 Price = $25/ton 
CO2 Price = $50/ton 
-100
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
70
80
90
100
%
 C
h
an
ge
 in
 W
at
e
r 
C
o
n
su
m
p
ti
o
n
 R
la
ti
ve
 t
o
 B
as
e
 c
as
e
 
NOx Price ($/ton) 
% Change in water consumption from Coal generators
% Change in water consumption from NG generators
122 
 
5.3.6 Cost of NOx and CO2 emissions: 
The emission pricing cost (permit cost of NOx and CO2 emissions) and the 
generation cost due to increasing NOx and CO2 emissions prices as well as the added cost 
per MW-hr generated (added $/MW-hr) are also calculated and shown in Figure 5-6. At 
low NOx or CO2 prices, emissions fees drive the overall cost and cause the redispatch 
from coal to natural gas units even though natural gas has higher fuel price than coal.  At 
high NOx or CO2 prices, the efficient natural gas units are already utilized; higher 
emissions fees lead to no further reductions.   
 
Figure ‎5-6: Generation and emissions costs in Millions USD and the added cost per MWh 
generated (Added $ per MWh). 
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5.4 IMPLICATIONS: 
Price signals can lead to simultaneous reductions in NOx, CO2 emissions and 
water use, even during peak demand hours.  The results showed that there are some trade-
offs between NOx emissions and CO2 emissions prices. In general, increased prices of 
CO2 reduce the maximum NOx reductions that can be achieved compared to scenarios 
with no carbon price. Co-benefits include reducing SOx and Hg emissions. The 
integrated modeling system presented here was developed for the ERCOT grid in Texas; 
however, the same modeling framework can be applied to other regions of interest.  
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CHAPTER 6:  Assessment of Emissions Trading: The Impacts 
on Ozone Concentrations5 
6.1 INTRODUCTION 
Ground-level ozone (O3) formation is a non-linear process driven by the reactions 
of nitrogen oxides (NOx) and volatile organic compounds (VOC).  Exposure to high 
levels of ozone has been linked to a variety of health effects, such as asthma, respiratory 
irritation, cardiovascular illness, and a decline in lung function (Gilliland 2009; Yang & 
Omaye 2009; Lin et al. 2008; U.S. EPA 2006; Bell et al. 2004; Devlin et al. 1997). 
Effective in 2008, the EPA reduced the National Ambient Air Quality Standards 
(NAAQS) for the maximum 8 hr average ozone concentration from 80 ppb to 75 ppb 
(EPA 2008), and the possibility of lowering the standard even further has been 
considered (EPA 2011). NAAQS for ozone have become increasingly strict over time 
and, as a result, the number of regions in the United States with monitored violations is 
expected to increase.  
Electric power systems are major sources of ozone precursors, specifically NOx 
emissions. EGUs contributed 22% of the total NOx emissions in the United States (EPA, 
2002). In Texas, previous studies have shown that ozone formation is NOx-sensitive (The 
Capital Area Planning Council 2004; Song et al. 2008). One approach for reducing ozone 
                                                          
5 Manuscript in preparation for submission to Environmental Science and Technology. Co-author: David T. 
Allen (the dissertation supervisor). 
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precursor emissions is using market-oriented price signals for NOx emissions from 
electric generation units. Using price signals (i.e., which increase the cost associated with 
NOx emissions) to switch generation from high emitting facilities to low emitting 
facilities has the ability to induce emissions reductions from EGUs.  
Emission trading programs can change the spatial and temporal distribution of 
emissions. A change in the distribution of NOx emissions can significantly impact 
ground-level ozone formation because ozone formation depends greatly on location, time, 
and meteorological conditions. Existing literature on the impact of cap-and-trade 
programs support the idea that the air quality benefits of such programs can vary 
depending upon spatial and temporal variations in emissions. Mauzerall (2005) has 
shown that the same emission rate of NOx from point sources results in different amounts 
of ozone that are formed depending on the location and timing of emissions.  These 
results are consistent with those from Nobel et al. (2001), which have shown that ozone 
formation in Texas is sensitive to the time and location of NOx emissions.  
The work presented here examines the ozone impacts of dispatching in response 
to NOx price signals for the ERCOT grid.  The results are compared to across-the-board 
NOx emission reductions for all power plants in Texas. 
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6.2 AIR QUALITY MODELING 
A photochemical air quality model was used to examine the impact of using 
market-based dispatching with environmental price signals for NOx emissions on daily 
maximum 1 h ozone concentrations. The photochemical model was also used to compare 
the air quality benefits of NOx pricing policies to those of across-the-board NOx 
emission reductions scenarios.   
6.2.1 Modeling Domain and Episode 
Air quality models are used to predict the impact of alternative air quality plans or 
control strategies on ozone concentrations, in addition to other atmospheric pollutants, for 
National Ambient Air Quality Standards (NAAQS) regulatory compliance. In this work, 
the change in ozone concentrations associated with dispatching generation is examined 
using the Comprehensive Air Quality Model with Extension (CAMx; www.camx.com). 
CAMx is a 3-D Eulerian photochemical grid model that is approved by the 
Environmental Protection Agency (EPA) for regulatory planning in the United States. 
CAMx is currently the photochemical model that is used by the State of Texas for air 
quality management decision making. The model inputs include: meteorological data, 
initial and boundary conditions, land use and land cover data, and emission inventories. 
Emission inventories include anthropogenic emissions (point sources, mobile sources, 
non-road mobile sources, and area sources), as well as significant natural sources (i.e., 
biogenic emissions).  
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The spatial domain of the air quality model covers the eastern United States, with 
spatial horizontal resolution ranging from 36 to 2 km. Figure 6-1 shows the nested 
regional and urban scale domains that are used in CAMx; a 36-km regional domain 
(eastern U.S. domain), a 12-km east Texas domain, a 4-km HGB/BPA, and the Houston-
Galveston (HG) subdomain.  
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Figure ‎6-1: photochemical model (CAMx) modeling domain. Source: TCEQ, 2009. 
 
The episode selected for this analysis is based on photochemical modeling that 
was developed by the Texas Commission on Environmental Quality (TCEQ) for the 
Houston-Galveston-Brazoria area (HGB) attainment demonstration for the 8-hr ozone 
NAAQS. This photochemical modeling episode covers the period from May 31 to June 
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15, 2006. Previous air quality studies and monitoring site analyses have shown that this 
episode was associated with high ozone concentrations (TCEQ 2010). For example, the 
peak daily 1-hour ozone concentrations of 139 ppb and 132 ppb were observed on June 1 
and 13, respectively. Figure 6-2 shows the predicted maximum 1-hour ozone 
concentration for the 12 km subdomain on a) June 1 and b) June 13, 2006. 
 
Figure ‎6-2: Maximum 1-hour ozone concentration for the 12 km domain on a) June 1, 
2006, and b) June 13, 2006.  
6.2.2 Modeling of Electricity Dispatching 
The computational framework for using the market-based environmental 
dispatching within ERCOT has been described by Alhajeri et al. (2011). However, the 
photochemical modeling episode developed by TCEQ did not have the day modeled by 
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Alhajeri et al. (2011). Thus, this study used the PowerWorld model to simulate the 
electricity dispatch for days within the TCEQ episode, specifically June 1 and 13.  High 
daily maximum 1-hour ozone concentrations were observed in these days. In addition, 
they have different electricity demand levels, which can help assess the impacts of 
different electricity load levels on ozone concentration. In order to evaluate the impact of 
dispatching electricity generation on these two days, the entire episode was simulated in 
the photochemical air quality model because NOx reduction in one day can affect ozone 
formation in subsequent days. The total ERCOT load over the 24-hour periods on June 1 
and 13 was 875 and 1,092 GWh, and the peak hourly demand was 43.7 and 58.9 GWh, 
respectively, at 5:00 PM.  
NOx, CO2, and SO2 emissions factors (lb/MWh) that were used in simulating the 
system were developed using the Emissions and Generation Resource Integrated 
Database (eGRID) 2005 (EPA, 2010). The electric power system model and the 
photochemical model were operated separately; however, outputs from the power 
systems model (the MWh for each EGU) drives the air quality and water systems 
modeling.   
The water consumption model database was developed by King et al. (2008).  The 
MWh output from the electric power system model is used in addition to the water 
consumption factors at each EGU (gal/kWh) reported by King et el. (2008) to estimate 
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the impacts of pricing policies on the daily water consumption (m
3
/day) within the Texas 
grid.  
6.2.3 Elevated Point-Source Emissions 
Electricity generation units are represented in the air quality model as elevated 
point source emissions. Point sources emission inventories for the State of Texas in the 
original formulation of the photochemical model were developed by using hourly 
emissions for the Texas electricity generation units that were reported to the EPA's Clean 
Air Markets Division under the Acid Rain Database (ARD). Non-acid rain points 
inventories were developed according to the ozone season daily (OSD) emissions as 
reported to the State of Texas Air Reporting System (STARS) (TCEQ, 2010).  If these 
base case emissions, used by TCEQ, are divided by the emissions rate (lb/MWh) for each 
unit, the estimated generation rate is greater than the generation reported by ERCOT. The 
calculated generation (i.e., based on the TCEQ emissions) was higher than the actual 
generation obtained from ERCOT by approximately 14%.  Therefore the basecase 
emissions from all EGUs in the TCEQ base case were reduced by 14%.  
Electric generation unit identifiers for power system models and air quality 
models are not the same, which makes it a challenge to identify and match power plants 
in these different databases. In addition, each model was created using different sources 
of data. The air quality model (CAMx) emissions input files for power plants (AIRS 
Facility Subsystem data [AFS files]) were developed using ARD and OSD emissions 
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databases. On the other hand, the electric power system model database was developed 
based on publicly available data on the transmission system, and emissions, heat input, 
and generation data for each generator obtained from ERCOT (e.g., for the year 2008) 
and e-GRID.   
Emissions from the air quality ARD AFS file were linked to EGU bus numbers in 
the PowerWorld simulator through plant/unit codes (ORISPL). Because OSD AFS file 
does not have an ORISPL identifier, the electric power system model database was 
matched to OSD AFS file by latitude and longitude through a cross-reference file. 
However, EGUs in the electric power system model database that started generation after 
2006 were assumed to have zero generation to avoid the unmatched units between both 
databases. 
After combining generation and air pollution emissions for each power plant in 
Texas, a mapping of air emissions input files to EGUs database files was developed in 
order‎ to‎compare‎ the‎ longitude‎and‎ latitude‎ in‎ these‎ two‎sets‎of‎ files‎ to‎ identify‎Texas’‎
power plants. Figure 6-3 shows the spatial mapping of power plants. It also shows the 
annual NOx emission rate from power plants in Texas in 2006.  
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Figure ‎6-3: Map of Texas power plants in (red circles) and their annual NOx emission 
rate (ton/yr) (green circles). 
 
6.2.4 Photochemical Modeling Simulations 
The air quality modeling data files for the base case were adapted from TCEQ 
modeling used to support the development of the State Implementation Plan (SIP) (TCEQ 
2010). The inventory data for the on-road mobile emissions were generated by the TCEQ 
using the‎EPA’s‎on-road mobile source emissions modeling software MOBILE6.2 (EPA, 
2003). Non-road‎source‎emissions‎were‎estimated‎by‎EPA’s‎NONROAD‎model‎(TexN),‎
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and area source emission inventories were based on the Texas Air Emission Repository 
(TexAER) database. Biogenic emissions were developed by using the Global Biosphere 
Emissions and Interactions System (GloBEIS3.1) (www.globeis.com). The details of 
emission inventories of this episode are reported by the TCEQ (2010). Meteorological 
input data were generated using the fifth generation of the Mesoscale Metrological Model 
(MM5). Emissions inventories for point, area, on-road, and non-road sources are spatially 
allocated to grid cells and temporally allocated by hour of day. Then, all emissions are 
speciated into groups of compounds using version 5 of the carbon bond mechanism 
(CB05) (TCEQ, 2010). Finally, emissions inventories are processed through the 
emissions processing system, version 3 (EPS3) to create the photochemical model-ready 
emissions input files. 
6.2.5 The Integrated Model Scenarios 
The approach used for the integrated model is as follows: First, electricity-
dispatching scenarios were developed for June 1 and June 13; different scenarios used 
different NOx emissions prices. Then, the air quality model (CAMx) was run, for each 
scenario, for the entire episode to predict air quality impacts for the pricing policies. 
Maximum changes (decrease and increase) in ozone concentrations in the major cities of 
Texas were quantified. Finally, the water usage model was used to estimate the daily 
water consumptions for each scenario. Figure 6-4 shows the individual models and the 
integrated framework of the coupled systems. 
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Figure ‎6-4: Schematic of the individual systems and the integrated structure of the 
coupled models. 
6.2.5.1 NOx Pricing Policies 
Four scenarios plus the base case (i.e., the base case NOx price is $0/ton) were 
modeled. The scenarios consisted of increasing the NOx emissions price from $0/ton to 
$2,000/ton, $10,000/ton, $25,000/ton, and $50,000/ton. SOx emission prices were held 
constant at $500/ton in all simulations. NOx emissions prices were applied uniformly on 
all electricity generation units.  
The modeling time period for the base case and the scenarios in the 
photochemical model is May 31 through June 15, 2006. For each NOx pricing policy, the 
emissions at each EGU for each hour from the base case were multiplied by the ratio of 
electricity generation at that unit in the scenario examined divided by the electricity 
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generated in the base case. Then, the new NOx, VOC, and CO emissions rates were used 
in the AFS input files in CAMx. This procedure was applied on June 1 and June 13 for 
each NOx pricing level. Because NOx emission reductions can impact ozone 
concentrations on days subsequent to the day in which emission reductions occur, all of 
the days in the episode were simulated,  however, emission reductions were only made on 
June 1 and June 13..    
The results for the dispatching based on NOx prices were compared to results 
from across-the-board reductions in NOx emissions; that is, NOx emissions were reduced 
by an equal percentage at each facility, resulting in a total NOx reduction equal to that 
achieved with NOx pricing. Applying this approach requires additional NOx control 
technology in the grid.  Four across-the-board NOx emission reduction scenarios were 
employed.  The first scenario has the same percentage of reduction in emissions as that in 
the NOx emission price of $2000/ton scenario; however, it applies the reduction equally 
at each EGU across the state. The second, third, and fourth scenarios assume the 
equivalent reduction in NOx emissions as those in $10,000/ton, $25,000/ton, and 
$50,000/ton scenarios, respectively. The reductions in NOx emissions are applied on June 
1 and 13; however, the whole episode is simulated in the photochemical model as the 
case in NOx pricing policies. 
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6.2.6 Area and Population Exposure Metrics  
In addition to the daily maximum 1–hour ozone concentration impact assessment, 
various other metrics were used to evaluate and compare the ozone concentration impacts 
of the NOx emissions pricing policies and the across-the-board NOx emission reductions 
scenarios. Three metrics were calculated: the total geographic area above a threshold 
ozone concentration, the time-integrated area above the threshold ozone concentration, 
and the total daily area above the standard ozone concentration. In addition, four metrics 
were simulated to examine the ozone exposure impacts on the population. These metrics 
are: a metric weighted by population above a threshold ozone concentration, a time-
integrated population weighted metric, a metric related to total daily population exposure, 
and a metric related to the maximum population exposure to ozone concentration above a 
threshold. Six threshold ozone concentrations (60, 65, 70, 75, 80, and 85 ppb) were used 
for the metrics in order to provide a more comprehensive assessment of the impacts of 
these scenarios relative to the base case scenario. The methods for calculating these 
metrics are described below: 
6.2.6.1  Maximum 1-Hour Ozone Concentration   
M max. 1 h = Max {Cg,h} (ppb), 
where Cg,h is the 1-hour ozone concentration in (ppb) in the grid cell (g) and at 
time (h). This metric was calculated by examining all ground-level 1-hour ozone 
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concentrations in the State of Texas during each day, and choosing the maximum 1-hour 
averaged ozone concentration.  
6.2.6.2 Total Geographic Area Above a Threshold Ozone Concentration 
M Area = ∑   g max{ g,h} (km
2
) 
 g,h = {
                                      
                                     
       
 g,h = {  g,1   g,2   g,3 …..‎ g,24 }, 
where A is the area of the grid cell g in (km
2
). This metric was calculated by determining 
whether the ground-level 1–hour ozone concentration exceeded a threshold concentration 
of 60 ppb (or other thresholds). If the ozone concentration exceeds the threshold in a grid 
cell at any time during the day, then the area of the grid cell is added to the total area of 
exceedance. This‎metric‎focuses‎on‎the‎spatial‎impact‎(∑g) of ozone concentration.  
6.2.6.3 Time-Integrated Area Above a Threshold Ozone Concentration 
M Time Area =   ∑ ∑     g ×  g,h (km
2
) 
 g,h = {
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The maximum 1-hour ozone concentration in all ground-level grid cells in the 
Texas area was determined for each hour of each day and compared with the threshold of 
60 ppb (or other thresholds). If there was an exceedance in any grid cell, then the area of 
this grid cell in this hour was added to the area of exceedance. Areas of exceedance for 
each hour were summed over all hours in the day; therefore, this metric accounts for the 
temporal impacts of 1-hour ozone concentration in addition to the spatial extent of 
impacts.   
6.2.6.4 Total Daily Area Above a Threshold Ozone Concentration 
M Total Area =   ∑ ∑     g ×  g,h (km
2
 ppb) 
 g,h = {
                                                         
                                      
 
This metric is calculated by determining the maximum ozone concentration in all 
ground-level grid cells in the Texas area for each hour of each day. If that maximum 1-
hour ozone concentration is above the threshold, then the excess is calculated by 
subtracting the threshold from the concentration in the grid cell. Next, the time-integrated 
area of the grid cell is multiplied by the excess (O3 concentration – O3 threshold). The 
result is added to the total for each hour that the threshold was exceeded. This metric is 
the same as metric 3, but it also depends on the magnitude of the concentration over the 
threshold (i.e., the amount of exceedance).  
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6.2.6.5 Population Above Standard 
P pop. = ∑   g max{ g,h} 
 g,h = {
                                                    
                                                    
 
where pg is the population in grid cell g and Cg,h is the ozone concentration in grid cell g 
in hour h. This metric is calculated by determining all ground-level grid-cell ozone 
concentrations in the Texas area for each day, calculating the maximum ozone 
concentration in each cell, and comparing the maximum concentration to the threshold. If 
the maximum concentration exceeded the threshold, then the population in that grid cell 
is added to the total. 
6.2.6.6 Time-Integrated Population Above a Threshold Ozone Concentration 
P Time pop. =   ∑ ∑     g ×  g,h 
 g,h = {
                                      
                                  
 
This metric was calculated by examining 1-hour O3 concentrations in each ground 
level grid cell for each hour of the day and determining whether the cells exceeded the 
threshold 1-hour O3 concentration of 60 ppb (or other threshold). Then, the populations 
of all cells exceeding the threshold were summed for each hour. The population for each 
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hour was then summed over the day. This metric considered both the temporal extent and 
spatial extent of the exceedance, but it did not depend on the extent to which the O3 
concentration exceeded the threshold. 
6.2.6.7 Total Daily Population Exposure   
P Total Pop. exposure = ∑ ∑    g ×  g,h 
  g,h = {
                                          
                                  
 
where Pg is the population in grid cell g. This metric was calculated by multiplying the 
population in the cell by the difference between the maximum ozone concentration and 
the threshold ozone concentration of 60 ppb (or other threshold) if the ozone 
concentration at the grid cell exceeded the threshold. The value was calculated for each 
grid cell in the geographical domain and summed over the day. This metric accounts for 
the spatial, temporal, and magnitude of exceedance.  
6.2.6.8 Maximum Population Exposure Above a Threshold Ozone Concentration  
P Maximum pop. = ∑   g max{ g,h} 
 g,h = {
                                                
                                       
 
This metric is calculated by determining the maximum ozone concentration in all 
ground-level grid cells in the Texas area for each day. If that maximum is above the 
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threshold, then the excess is multiplied by the population in that grid cell and added to the 
total. This metric focuses on the total population exposed to ozone levels that are higher 
than the threshold.   
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6.3 RESULTS AND DISCUSSION 
The overall goal of the analysis that is presented here is to determine whether 
dispatching produces ozone impacts that are greater than or less than across-the-board 
reductions.  
6.3.1 NOx, SOx and Carbon Emissions Reductions 
The NOx emissions for the base case on June 1 were 279.4 ton. June 13 had a 
higher electricity demand; therefore, higher NOx emissions were expected (374.7 ton). 
The reductions in the NOx emission rate under the emission pricing were estimated for 
both days as shown in Table 6-1. The reductions in NOx emissions ranged from 80 to 
165 (ton/day) on June 1 and from 75.5 to 174.2 (ton/day) on June 13.  
Table ‎6-1: NOx emissions rates (tons/day) for the base cases and the reductions in 
emissions for different NOx emissions prices.  
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Change in 
NOx 
emissions 
  
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Change in 
NOx 
emissions 
  1-Jun 
 
13-Jun 
0 279.4 0.0 0.0 
 
374.7 0.0 0.0 
2,000 199.3 80.0 -28.7 
 
299.2 75.5 -20.1 
10,000 124.0 155.4 -55.6 
 
220.1 154.6 -41.3 
25,000 116.5 162.9 -58.3 
 
202.5 172.2 -46.0 
50,000 114.6 165 -59.0   200.5 174.2 -46.5 
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Figure 6-5 shows the percentage reduction in the NOx emissions for each day, 
relative to the base case for different NOx emissions prices. NOx emissions depend on 
two factors: the NOx emission price ($/ton) and the daily electricity demand level. NOx 
emissions reductions increase rapidly with NOx price up to $25,000 per ton, but beyond 
$25,000/ton reductions were modest (less than 1% between $25,000/ton and $50,000/ton 
in Figure 7-5). The electricity demand level also affects emissions reductions.  Maximum 
reductions are below 50% for the high demand day, but almost 60% for the lower 
demand day.  These results are consistent with NOx price sensitivity presented in 
previous chapters. 
 
Figure ‎6-5: The percentage of reduction in NOx emission rate for two days with different 
electricity loads.  
0
10
20
30
40
50
60
70
0 10,000 20,000 30,000 40,000 50,000
%
 R
e
d
u
ct
io
n
 in
 N
O
x 
Em
is
si
o
n
s 
NOx Emission Price ($/ton) 
1-June (875 GWh)
13-June (1,092GWh)
146 
 
In addition to the reductions in NOx emissions, co-benefits include reductions in 
SOx and CO2 emissions rates.  SOx emissions rates were reduced by (32.7% to 74.5%) 
and (24% to 68.1%) on June 1 and 13, respectively. CO2 emissions rates were reduced by 
(12.1% to 26.2%) and (7.9% to 18.8%) on June 1 and 13, respectively. Table 6-2 lists 
CO2 and SOx emissions rates in the ERCOT grid and the reductions that were achieved 
when imposing higher NOx-emissions prices for both days considered in this study.  
Table ‎6-2: CO2 and SOx emissions rates (tons/day) for the base cases and the reductions 
in emissions for different NOx emissions prices.  
NOx price 
($/ton) 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Change in 
CO2 
emissions 
SOx 
emissions  
(tons/day) 
Reductions 
in SOx 
emissions  
(tons/day) 
% of 
Change in 
SOx 
emissions 
 
1-Jun 
0 469,000 0 0.0 189.6 0 0.0 
2,000 412,400 56,600 -12.1 127.7 61.9 -32.7 
10,000 352,400 116,600 -24.9 58.6 131.0 -69.1 
25,000 347,100 121,800 -26.0 48.6 141.0 -74.4 
50,000 346,100 122,900 -26.2 48.3 141.3 -74.5 
 
13-Jun 
0 617,500 0 0.0 251.1 0 0.0 
2,000 568,600 48,800 -7.9 190.7 60.4 -24.0 
10,000 518,800 98,600 -16.0 115.6 135.5 -54.0 
25,000 505,700 111,800 -18.1 90.8 160.4 -63.9 
50,000 501,500 115,900 -18.8 80.1 171.0 -68.1 
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6.3.2 Maximum Reductions in 1–Hour Ozone Concentrations 
The impacts of NOx trading emissions scenarios on 1-hour ozone concentrations 
is dominated by the reductions in NOx emissions from a small group of high NOx-
emitting units. In contrast, across-the-board NOx emission reductions were assumed to be 
equivalently distributed (on a percentage basis) among all units, regardless of the 
emissions per unit of electricity output of each unit. To examine the impact of different 
spatial and temporal distributions of NOx reductions on ozone, the maximum changes 
(O3 test – O3 base case) in 1-hour ozone concentration (i.e., an increase or decrease) for each 
scenario were estimated and compared to the base case. The maximum ozone decrease 
represents the maximum reduction in 1-hour ozone concentration that occurred across the 
area regardless of time of day for the scenario. The maximum ozone changes were 
examined by using the east Texas domain (12 km X 12 km) shown in Figure 6-1, with the 
focus on five major cities: Austin (AUS), Dallas-Fort Worth (DFW), Houston-Galveston-
Brazoria (HGB), Beaumont-Port Arthur (BPA), and Waco (WACO). For the major five 
cities, the maximum benefit in daily 1-hour ozone concentration due to NOx emission 
trading ranged from 9.4 ppb in Austin to 0.5 ppb in Beaumont-Port Arthur. The values 
here represent the average of June 1 and June 13 maximum ozone reductions. Across–
the-board emission reductions scenarios resulted in maximum ozone reductions that 
ranged from 2.5 ppb 0.3 ppb. Figures 6-6 and 6-7 show the average maximum ozone 
reductions (averaged for the two days, June 1 and June 13) in the five cities for the 
trading emission scenarios ($2,000/ton, $10,000/ton, $25,000/ton, and $50,000/ton) and 
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across-the-board reductions scenarios (Scenario 1, Scenario 2, Scenario 3, and Scenario 
4), respectively. 
 
Figure ‎6-6: The average of June 1 and June 13 maximum ozone concentration reductions 
for each NOx Pricing scenario relative to the base case in the five cities.  
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Figure ‎6-7: The average of June 1 and June 13 maximum ozone concentration reductions 
for each of the across-the-board NOx emission reduction scenarios, relative to the base 
case in the five cities. Scenario 1 has the same percentage of reduction in emissions as 
that in the NOx emission price of $2000/ton scenario. Scenarios 2, 3 and 4 assume the 
equivalent reduction in NOx emissions as those in $10,000/ton, $25,000/ton, and 
$50,000/ton scenarios, respectively. 
NOx pricing policies showed larger maximum ozone reductions in comparison to 
the equivalent across-the-board emission reductions policies (i.e., scenarios with the same 
percentage of NOx reductions in across-the-board case), since the emission pricing tends 
to drive larger changes in a smaller number of EGUs.   
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Somewhat surprisingly, the spatial distributions of ozone reductions for the 
pricing and across the board reductions are quite similar.  The spatial distribution of the 
maximum differences (O3 test – O3 base case) in 1-hour ozone concentration, regardless of 
time of day or magnitude for the most cost-effective NOx trading scenario ($50,000/ton) 
and the most cost-effective across-the-board NOx emission reductions scenario (Scenario 
4) are  shown in Figure 6-8 for both days that are considered in this study. Appendix E 
shows the spatial distribution of the maximum reductions (O3 test – O3 base case) in 1-hour 
ozone concentration for all NOx pricing and across-the-board NOx emission reduction 
scenarios. 
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Figure ‎6-8: Maximum reductions in 1-hour ozone concentration in the East Texas domain 
for (a and c) the $50,000/ton trading scenario and (b and d) across-the-board Scenario 4 
for both June 1 and 13, 2006, respectively.  
  This is likely due to the non-linear dependence of ozone on NOx reductions.  In 
eastern Texas, the change in ozone per ton of NOx reduced tends to increase as NOx 
reductions become larger.  These results suggest that the across the board NOx emission 
b)
c) d)
a)
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reductions are occurring at NOx levels that are still relatively inefficient at producing 
ozone decreases, while the more localized, but deeper NOx reductions from emission 
pricing lead to NOx emission reductions that are more efficient. 
Because of the complicated mixing and transport patterns that are involved in the 
ozone formation process, nighttime NOx reactions and transport can influence next-day 
ozone formation. Therefore, the whole modeling episode was simulated to examine the 
multi-day effects of NOx reductions. Maximum ozone reductions on June 2 ranged from 
6.8 ppb to 0.1 ppb for NOx pricing policies, and from 4.7 ppb to 0.4 ppb for across-the-
board NOx emission reductions scenarios. As expected, the maximum ozone reductions 
on June 14 were smaller and ranged from 4.4 ppb to 0.1 ppb for NOx pricing policies, 
and ranged from 1.2 ppb to 0 ppb for across-the-board NOx emission reductions 
scenarios. Figure 6-9 shows the spatial distribution of the maximum ozone reductions on 
June 2 and 14 for the $50,000/ton trading scenario and across-the-board Scenario 4.  
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Figure ‎6-9: The maximum reductions in ozone concentrations in the subsequence day of 
NOx reductions for the $50,000/ton trading scenario and across-the-board Scenario 4.  
 
6.3.3 Ozone Hot Spots 
Maximum increases in 1-hour ozone concentration (“hot‎ spots” or areas of 
localized high concentrations of ozone) were also examined. The results once again show 
b)
c) d)
a)
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greater extremes in behavior for the dispatching by emission price, compared to across 
the board reductions.  NOx pricing led to larger maximum ozone reductions, but also led 
to larger maximum increases in ozone concentrations. The maximum increase in ozone 
relative to the base case for NOx pricing policies ranged from 3.4 ppb in Austin, when 
the NOx price is equal to $50,000/ton, to 0.5 ppb at Waco, when NOx is equal to 
$2,000/ton. For across-the-board NOx emission reductions scenarios, the increase in 
ozone concentrations was relatively smaller and ranged from 1 ppb in Houston-
Galveston-Brazoria to 0.04 in Waco. The spatial extent of ozone increases was also more 
limited in the across-the-board emission reduction scenarios.  Figures 6-10 and 6-11 
shows the maximum increase in 1-hour ozone concentration for the major cities for NOx 
pricing scenarios and across-the-board NOx emission reduction scenarios respectively 
relative to the base case.  
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Figure ‎6-10: The average of June 1 and June 13 maximum ozone concentration increases 
for each of NOx pricing scenarios relative to the base case in the five cities.  
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Figure ‎6-11: The average of June 1 and June 13 maximum ozone concentration increases 
for each of Across-the-board NOx emission reduction scenarios relative to the base case 
in the five cities. Scenario 1 has the same percentage of reduction in emissions as that in 
the NOx emission price of $2000/ton scenario. Scenarios 2, 3 and 4 assume the 
equivalent reduction in NOx emissions as those in $10,000/ton, $25,000/ton, and 
$50,000/ton scenarios, respectively. 
 
While ozone hot spots are a concern, there are mitigating factors.   Most of the hot 
spots did not occur in regions where the ozone levels are the highest. Also, the spatial 
distribution of the ozone hot spots was relatively smaller than the regions associated with 
reduced ozone concentrations. In addition, the increase in ozone concentrations in most 
of the hot spot regions was lower than 1 ppb. Counter-intuitively, NOx emissions were 
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reduced in most of the regions that contain hot spots. The increase in ozone 
concentrations in these cases is associated with the NOx disbenefit (i.e., ozone 
concentrations increasing as NOx emissions decrease) in the morning that resulted in less 
titration of ozone. The spatial distribution of the maximum increases (O3 test – O3 base case) 
in 1-hour ozone concentration, regardless of time of day or magnitude for the most cost-
effective NOx trading scenario ($50,000/ton) and the most cost-effective across-the-
board NOx emission reductions scenario (Scenario 4) are  shown in Figure 6-12 for both 
days that are considered in this study. Appendix E shows the spatial distribution of the 
maximum increases (O3 test – O3 base case) in 1-hour ozone concentration for all NOx pricing 
and across-the-board NOx emission reduction scenarios. 
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Figure ‎6-12 Maximum reductions in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $50,000/ton trading scenario and (b and d) across-the-board 
Scenario 4 for both June 1 and 13, 2006, respectively.  
 
6.3.4 Additional Air Quality Metrics 
Maximum increases and decreases in ozone concentrations represent extremes of 
impacts, so a variety of additional air quality metrics were used to quantitatively evaluate 
b)
c) d)
a)
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and compare the air quality impacts of market-oriented price signals for NOx emissions 
to the air quality impacts of across-the-board NOx emission reductions for power plants 
in Texas. These metrics are based on 1-hour ozone concentration. Two metrics were 
selected to evaluate only the spatial extent of impacts of on ozone concentration (i.e., the 
spatial extent of exceedance). These metrics are the total geographic area above a 
threshold ozone concentration and the population above standard ozone concentration. 
Two metrics were used to account for the temporal extent of changes in ozone (i.e., the 
length of time of exceedance) concentration. These metrics are the time-integrated area 
above threshold ozone concentration and the time-integrated population. Two metrics 
were used to couple the magnitude amount of exceedance (i.e., O3 concentration – O3 
threshold) with spatial and temporal effects. These metrics are the total daily area above 
the standard and the total daily population exposure above a threshold. Finally, the 
maximum daily population exposure to the ozone concentration above a threshold was 
calculated. This metric does not account for the spatial or temporal extents of 
exceedance; it isolates the magnitude of the exceedance from the spatial and temporal 
effects. In addition, six threshold ozone concentrations (60, 65, 70, 75, 80, and 85 ppb) 
were used for the area of exceedance and population exposure metrics. Tables 6-3 and 6-
4 show the percentage of change from the base case for multiple metrics for NOx pricing 
policies. Tables 6-5 and 6-6 show the percentage of change due to across-the-board NOx 
emission reductions scenarios. The values in Tables 6-3, 6-4, 6-5, and 6-6 represent the 
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average of the changes on June 1 and 13. A negative difference means a decrease in O3 
concentration relative to the base case, and a positive difference means an increase in O3 
concentration relative to the base case.  
Including spatial and temporal effects leads to estimates of air quality impacts that 
are much more similar between pricing and across-the-board reduction strategies, as 
compared to maximum ozone reductions.  The differences between pricing and across –
the-board approaches becomes more complex as the ozone threshold increases, since the 
higher thresholds focus on changes in very specific locations.    
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Table ‎6-3: Percent change in different air quality metrics exceeding threshold of 60 ppb, 
65 ppb, and 70 ppb at different NOx emissions prices relative to the base case.  
  $2000/ton $10,000/ton $25,000/ton $50,000/ton 
  
60 
 
Total Geographic Area -0.6 -1.4 -1.5 -1.5 
Time Integrated Area -0.9 -3.2 -3.3 -3.4 
Total Daily Area Above Standard -2.2 -7.2 -7.5 -7.5 
Population Above Standard -0.4 -0.7 -0.7 -0.7 
Time Integrated Population -0.1 -0.9 -0.9 -1.0 
Total Daily Population Exposure -0.2 -1.9 -2.1 -2.2 
Maximum Population Exposure -0.6 -2.6 -2.8 -2.8 
  
65 
 
Total Geographic Area -1.1 -5.1 -5.1 -5.1 
Time Integrated Area -1.9 -7.0 -7.2 -7.3 
Total Daily Area Above Standard -2.9 -8.9 -9.3 -9.4 
Population Above Standard -0.1 -2.3 -2.3 -2.3 
Time Integrated Population 0.0 -2.4 -2.5 -2.6 
Total Daily Population Exposure -0.2 -2.0 -2.3 -2.4 
Maximum Population Exposure -0.8 -3.1 -3.3 -3.4 
  
70 
 
Total Geographic Area -3.8 -8.9 -9.3 -9.2 
Time Integrated Area -3.6 -9.7 -10.1 -10.2 
Total Daily Area Above Standard -3.0 -8.8 -9.3 -9.4 
Population Above Standard -2.7 -5.9 -5.9 -5.7 
Time Integrated Population -0.7 -3.1 -3.1 -3.3 
Total Daily Population Exposure -0.1 -1.5 -1.8 -1.9 
Maximum Population Exposure -0.6 -2.3 -2.5 -2.6 
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Table ‎6-4: Percent change in different air quality metrics exceeding threshold of 75 ppb, 
80 ppb, and 85 ppb at different NOx emissions prices relative to the base case. 
  $2000/ton $10,000/ton $25,000/ton $50,000/ton 
  
75 
 
Total Geographic Area -2.6 -8.9 -9.2 -9.4 
Time Integrated Area -3.1 -10.2 -10.5 -10.6 
Total Daily Area Above Standard -2.9 -8.4 -8.9 -9.0 
Population Above Standard -1.8 -6.6 -6.7 -6.8 
Time Integrated Population -0.5 -3.5 -3.9 -3.9 
Total Daily Population Exposure 0.1 -0.9 -1.3 -1.4 
Maximum Population Exposure -0.3 -1.6 -1.9 -2.0 
  
80 
 
Total Geographic Area -3.5 -8.1 -8.3 -8.2 
Time Integrated Area -3.1 -10.1 -10.5 -10.7 
Total Daily Area Above Standard -2.6 -7.0 -7.6 -7.8 
Population Above Standard -0.7 -1.9 -2.2 -2.1 
Time Integrated Population 1.3 -0.7 -2.0 -2.0 
Total Daily Population Exposure 0.4 -0.3 -0.7 -0.8 
Maximum Population Exposure 0.0 -0.8 -1.1 -1.2 
  
85 
 
Total Geographic Area -3.1 -10.4 -11.7 -11.8 
Time Integrated Area -4.0 -10.2 -10.9 -11.2 
Total Daily Area Above Standard -1.9 -4.8 -5.4 -5.4 
Population Above Standard 3.8 2.7 1.1 1.1 
Time Integrated Population 0.7 -0.3 -0.9 -0.7 
Total Daily Population Exposure 0.2 -0.2 -0.5 -0.5 
Maximum Population Exposure 0.0 -0.6 -0.8 -0.8 
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Table ‎6-5: Percent change in different air quality metrics exceeding threshold of 60 ppb, 
65 ppb, and 70 ppb for across-the-board NOx reductions scenarios relative to the base 
case.  
  Scenario 1 Scenario 2 Scenario 3 Scenario 4 
  
60 
 
Total Geographic Area -0.5 -1.0 -1.2 -1.2 
Time Integrated Area -0.9 -2.1 -2.3 -2.3 
Total Daily Area Above Standard -2.1 -4.5 -5.0 -5.1 
Population Above Standard -0.1 -0.3 -0.3 -0.3 
Time Integrated Population -0.5 -0.9 -1.1 -1.1 
Total Daily Population Exposure -0.9 -1.9 -2.2 -2.2 
Maximum Population Exposure -0.9 -2.0 -2.2 -2.2 
  
65 
 
Total Geographic Area -1.0 -2.2 -2.4 -2.5 
Time Integrated Area -1.7 -3.9 -4.3 -4.5 
Total Daily Area Above Standard -2.7 -5.9 -6.6 -6.7 
Population Above Standard -0.3 -0.5 -0.6 -0.6 
Time Integrated Population -0.5 -1.6 -1.7 -1.9 
Total Daily Population Exposure -1.0 -2.2 -2.5 -2.6 
Maximum Population Exposure -1.1 -2.4 -2.7 -2.7 
  
70 
 
Total Geographic Area -3.1 -7.0 -7.7 -7.7 
Time Integrated Area -3.2 -6.6 -7.5 -7.5 
Total Daily Area Above Standard -2.9 -6.2 -6.9 -7.0 
Population Above Standard -3.3 -4.5 -4.6 -4.6 
Time Integrated Population -1.6 -3.0 -3.4 -3.4 
Total Daily Population Exposure -1.0 -2.2 -2.5 -2.6 
Maximum Population Exposure -1.1 -2.3 -2.6 -2.7 
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Table ‎6-6: Percent change in different air quality metrics exceeding threshold of 75 ppb, 
80 ppb, and 85 ppb for across-the-board NOx reductions scenarios relative to the base 
case. 
  Scenario 1 Scenario 2 Scenario 3 Scenario 4 
  
75 
 
Total Geographic Area -2.1 -4.0 -4.3 -4.5 
Time Integrated Area -2.4 -5.7 -6.3 -6.4 
Total Daily Area Above Standard -2.9 -6.4 -7.1 -7.2 
Population Above Standard -1.1 -3.9 -3.9 -4.0 
Time Integrated Population -0.5 -2.4 -2.5 -2.5 
Total Daily Population Exposure -1.0 -2.1 -2.4 -2.5 
Maximum Population Exposure -0.9 -2.0 -2.3 -2.3 
  
80 
 
Total Geographic Area -3.8 -7.4 -8.4 -8.4 
Time Integrated Area -2.8 -6.3 -7.4 -7.5 
Total Daily Area Above Standard -3.0 -6.4 -7.1 -7.2 
Population Above Standard -0.8 -2.9 -3.0 -3.0 
Time Integrated Population -0.8 -2.4 -2.5 -2.5 
Total Daily Population Exposure -1.0 -2.1 -2.4 -2.4 
Maximum Population Exposure -0.8 -1.7 -2.0 -2.0 
  
85 
 
Total Geographic Area -2.1 -6.9 -7.9 -7.9 
Time Integrated Area -3.7 -7.9 -8.7 -8.8 
Total Daily Area Above Standard -2.8 -5.5 -6.2 -6.3 
Population Above Standard -0.4 -0.9 0.8 0.8 
Time Integrated Population -1.3 -1.8 -2.2 -2.2 
Total Daily Population Exposure -0.9 -2.0 -2.3 -2.3 
Maximum Population Exposure -0.8 -1.8 -2.0 -2.1 
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6.3.5 Water Consumption 
Daily water consumption on June 1 and 13 was estimated for each NOx pricing 
level relative to the base case in that day. Water consumption for the base case on June 1 
was 1,154 (x1000 m
3
). June 13 had higher water consumption by approximately 24% 
(1,437 x1000 m
3
) because of higher electricity demand. In addition to the reductions in 
NOx and CO2 emissions rates, increasing the cost associated with NOx emissions has the 
potential to reduce water consumption. Figure 6-10 shows the percentage reduction in the 
daily water consumption for each day, relative to its base case for different NOx 
emissions prices. 
 
Figure ‎6-13: Total percentage of reductions in water consumption for each day due to 
imposing higher NOx prices for each pricing policy relative to the base case. 
June 1 
June 13 
0
2
4
6
8
10
12
14
16
Base
case
2000 10000 25000 50000 Base
case
2000 10000 25000 50000
%
 R
e
d
u
ct
io
n
 in
 w
at
er
 c
o
n
su
m
p
ti
o
n
  
NOx Price ($/ton) 
166 
 
 
6.3.6 Cost Estimation 
The total cost of generation and emission pricing was also estimated. The 
equations used to calculate the total cost are shown in Chapter 3. Imposing higher prices 
on NOx emissions shift the electricity generation from coal-fired units to natural gas-fired 
units which have higher fuel price ($3.87/MMBTU in this study) relative to coal 
($1.89/MMBTU). Therefore, the cost of generation (fuel plus operating) increases as the 
NOx prices increases. Figure 6-11 shows that the cost of generation increases up to 
14.4% and 14% on June 1 and 13 respectively, for a NOx emissions price of $50,000/ton. 
Figure 6-11 also shows that NOx emission (permit) cost increases as the NOx prices 
increase. 
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Figure ‎6-14: The total cost of generation and emission (permit) on June 1 and 13 for 
different NOx emissions prices.  
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6.4 CONCLUSION 
Increasing the costs associated with NOx emissions changes the spatial and 
temporal distribution of emissions. Changing the spatial and temporal distribution of 
NOx emissions impacts ground-level ozone formation. Simulation of changes in ozone 
formation due to NOx emission reductions indicated that, on average, the NOx emission 
reductions that result from NOx pricing have greater impacts on maximum ozone 
formation than that of across-the-board NOx emission reductions. There are smaller 
differences in spatially and temporally integrated measures of changes in ozone.  Along 
with changes in maximum benefits, areas‎of‎localized‎high‎concentrations‎of‎ozone‎“hot‎
spots”‎ were‎ more‎ extensive‎ with‎ NOx‎ pricing,‎ however,‎ these‎ “hot‎ spots”‎ were most 
likely to be associated with the NOx disbenefit in the morning due to less titration of 
ozone. NOx pricing also reduced carbon emissions (18.2% - 26.2%) and water 
consumption by (7.5% to 12.8%).  
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CHAPTER 7: Using Electrical Generation Dispatching to 
Manage Water Scarcity6  
7.1 INTRODUCTION 
Electricity generation units use large volumes of water for cooling and 
condensing the steam generated in thermal cycles, as well as in flue gas scrubbing, and 
other uses.  In 2005, thermoelectric power plants were responsible for 41% of the 
freshwater withdrawn in the United States, totaling over 200,000 million gallons per day 
(Mgal/d).  Nearly all of this demand is satisfied by surface water and most of the water 
withdrawn is used for once through cooling (Kenny et al. 2009).  While thermoelectric 
power plants withdraw large amounts of water, only 3% (3,300 Mgal/day) of this water is 
consumed (evaporated) (National Renewable Energy Laboratory 2003). Thermoelectric 
power plants, on average, consume about 0.47 gallon (1.8 L) of fresh water per each kWh 
of electricity generated (National Energy Technology Laboratory 2003). In Texas, the 
total water consumption used in electricity generation in 2006 was approximately 
157,000 (Mgal/year), resulting in an average water consumption rate of 0.39 gal/kWh 
(King et al. 2008).  
Because water availability is essential for most electricity generation, drought and 
heat can impact generating capacity. If insufficient water is available for cooling, or if 
                                                          
6 Manuscript in preparation for submission to Environmental Science and Technology. Co-author: David T. 
Allen (the dissertation supervisor). 
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reservoir levels fall below water intake points, generation capacity is reduced.  Water 
temperature can also impact electricity generation capacity.  As intake water warms, 
cooling is less effective and water use per kilowatt-hour generated can increase.  Further, 
some reservoirs have water temperature limits, and as the temperature of the reservoir 
increases, water discharge may be restricted.    These drought and heat driven limits to 
electricity generation can often occur at times when electricity demand is relatively high, 
making water availability and temperature a critical issue in the stability of electrical 
grids.   
One response to the challenges of meeting water demand for electricity generation 
during periods of water scarcity is to redesign cooling systems.  Open loop cooling 
systems withdraw (and return) approximately two orders of magnitude more water than 
closed loop systems (U.S. Department of Energy 2006), so closed loop systems place less 
demand on water availability.  However, closed loop systems consume (evaporate) 
almost twice as much water as open loop systems. The U.S. Department of Energy (DoE) 
expects that, by 2030, expanded use of cooling water recirculation systems, such as 
cooling ponds and wet cooling towers, could reduce water withdrawn for electricity 
generation by 4–23%, compared with 2005 levels (National Energy Technology 
Laboratory 2009) but water consumption would rise. Dry cooling has also drawn 
attention as a water-conserving technology. Dry cooling uses air-cooled condensers to 
reduce water consumption. However, dry cooling is capital intensive and consumes 
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power, reducing net generation capacity. Further, dry cooling systems lose efficiency 
during hot weather (Maulbetsch and DiFilippo, 2006).  
Another strategy for managing water use in electricity generation during periods 
of heat and drought is to dispatch power generation from water scarce regions to water 
rich regions.  The work presented here examines this type of electricity dispatching for 
water redistribution using Texas and the Electricity Reliability Council of Texas 
(ERCOT) grid as a case study, and compares the costs of this strategy with dry cooling. 
The Electricity Reliability Council of Texas (ERCOT) grid is self-contained 
within the state of Texas, covering about 75% of the geographical area of the State and 
meeting‎about‎85%‎of‎the‎State’s‎electricity‎demand (ERCOT 2012).  ERCOT includes 
regions with chronic water-scarcity (southern and western Texas) and regions with 
relatively abundant water supplies (eastern Texas).  Power generation is supplied by a 
wide variety of generation sources including natural gas, coal, nuclear, hydroelectric, 
petroleum, wind and solar.  More than 500 generation units are included in the grid 
(ERCOT 2012).  
In examining the potential response of the ERCOT grid to drought, the drought of 
2006 will be used as a case study.  In 2006, the southern region of Texas experienced 
exceptional and extreme drought conditions that limited water availability in the region. 
Figure 1 shows the spatial impact of the drought on June 13, 2006. (National Mitigation 
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Drought Center, 2011). Figure 7-1 also shows the spatial distribution of water 
consumption and the generation capacity for thermoelectric power generation in Texas 
(Stillwell et al. 2011).  The region of extreme and exceptional drought illustrated in the 
map includes a number of power generation facilities.  This work will examine the 
impacts of dispatching the power generation from the regions of extreme and exceptional 
drought to other parts of the ERCOT grid less impacted by water scarcity.  These impacts 
will include not only water use, but also air pollutant emissions, since the electricity 
generating units that would increase generation in response to decreases in generation in 
south Texas are located in regions that are subject to air pollutant emission controls.  
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Figure ‎7-1: Water consumption rate (L/kWh) and electricity generation capacity (kW) for 
thermoelectric power plants in Texas (Source: Stillwell et al. 2011a (data is based on 
King et al. 2008)) and Texas drought conditions for June 13, 2006 (Source: National 
Mitigation Drought Center 2011). 
 
 
Previous analyses have demonstrated that it is possible to dispatch electricity 
generation to reduce water consumption within the ERCOT grid.  Alhajeri et al. (2011) 
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found that increases in NOx emission prices in the ERCOT grid drove a transition from 
coal-based generation to natural gas based generation.  This shift lowered water use, as 
well as NOx emissions, SO2 emissions, and Hg emissions, while meeting demand on 
peak days with current transmission capabilities.  The work presented here uses the same 
analytical framework described by Alhajeri et al. (2011) but examines the resilience of 
the ERCOT grid to drought stresses, addressing the question of whether the grid can 
serve as a virtual water transfer pipeline during times of drought.  The analyses will also 
examine the costs and air quality implications of these transfers.   
 
7.2 METHODS 
7.2.1 The Integrated Model Framework 
The analyses presented here used coupled models of electric power system, water 
use and air quality, as illustrated in Figure 7-2. The modeling framework has been 
described by Alhajeri et al. (2011), and will be summarized here.    
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Figure ‎7-2: Individual model systems and the integrated structure of the coupled models. 
 
7.2.2 Electricity Dispatch Modeling and Cost Estimation 
The electricity dispatch model employed in this work was PowerWorld Simulator 
Version 16 (www.powerworld.com). The PowerWorld Simulator contains an Optimal 
Power Flow (OPF) analysis package that simulates the response of the electricity network 
within ERCOT to hourly demand scenarios. The model also accounts for the costs of 
electricity generation (for example, fuel price, maintenance and operation costs) and 
transmission power line constraints. Re-dispatching electricity is modeled without 
violating the capacity of transmission power lines and supply-demand balance 
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constraints.  More details on the model constraints and the objective function can be 
found in Alhajeri et al. (2011).  
The PowerWorld Simulator models dispatch of generation among EGUs by 
minimizing the total cost of operating, subject to generator and transmission network 
constraints. The cost is modeled as:  
Costi ($/MWh) = Hi(pfi + psi×Si + pni×Ni) + O&Mi,      (1)   
where for each generator i, Hi is its heat rate in MMBTU/MWh, pfi is the price of fuel in 
$/MMBTU, psi is the price of SO2 permits in $/ton (SO2 emissions price of 500 $/ton was 
applied uniformly to all EGUs in the grid), Si is‎ the‎ unit’s‎ SO2 emission rate in 
tons/MMBTU, pni is the price of NOx permits ($/ton) (the results reported in this work 
assumed a zero NOx emissions price of $0/ton)  and Ni is‎the‎unit’s‎NOx‎emission‎rate‎
(tons/MMBTU), and O&Mi is‎ the‎ unit’s‎ variable‎ operation‎ and‎ maintenance‎ costs‎ in 
$/MWh.   
Costs of dispatching generation from water-scarce to water-rich regions will be 
compared to costs of implementing dry cooling technology. Dry cooling technology does 
not use water for condensing steam; therefore, it has the potential to reduce water 
withdrawal and consumption. The annual cost of the cooling technology was estimated 
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from three cost components defined by Stillwell and Webber (to be published). The 
annual cost (Ac) of dry cooling technology is shown in equation 2: 
Ac = (P × 
         
 
     
 
  
) + (AO&Mi × G) + (ηj × rw × G),                                            (2) 
where (P × 
         
 
     
 
  
) is the annualized capital cost, P is the capital cost that varies by fuel 
type, cooling system, and many other factors, i is the annual interest rate, t is the cooling 
system life in years, (AO&Mi × G) is the annual operation and maintenance cost, AO&Mi is 
the‎unit’s‎operation‎and‎maintenance costs ($/MWh), G is the annual generation of power 
plant i (MWh/yr), (ηj × rw × G) is lost electricity sale, rw is the average wholesale 
electricity sale rate ($/MWh), and ηj is the power generation efficiency loss for the dry 
cooling technology.   The annual cost of the dry cooling technology was converted into a 
daily cost based on the ratio of the annual net generation to daily generation of the 
simulated day.  Table 7-1 presents the values for the variables in equation 2 for dry 
cooling technology. Additional details on the assumptions involved in estimating these 
values are reported in Stillwell and Webber (To be published).  
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Table ‎7-1: Parameter values for dry cooling technology costs (Equation 3) (Stillwell and 
Webber, to be published).   
Fuel Type 
P (low) 
($/MW) 
P (high) 
($/MW) 
i (%) t (year) 
A 
(O&M) 
($/MWh) 
η‎(%) 
rw 
($/MWh) 
Natural Gas 145,000 216,000 5 50 0.24 2 44 
Coal 177,000 236,000 5 50 0.24 2 44 
Nuclear 313,000 446,000 5 50 0.24 2 44 
 
 
7.2.3 Water use and Air Quality Modeling 
The MWh output for each EGU from the power system model was used with the 
water consumption factors (gal/kWh) reported by King et el. (2008) to estimate daily 
water consumption (m
3
/day) within the Texas grid. NOx and SOx emissions rates were 
developed‎ based‎ on‎ hourly‎ emissions‎ for‎ the‎ Texas‎ EGUs‎ that‎ reported‎ to‎ the‎ EPA’s‎
Clean Air Markets Division under the Acid Rain Program (ARP) in 2006 (EPA 2010). 
Ozone Season Daily (OSD) emissions data were used for EGUs that did not report to the 
ARP (TCEQ 2010b). CO2 emission rates were developed based on the 2005 Emissions 
and Generation Resource Integrated Database (eGRID, EPA, 2010).  
In previous work, NOx emissions were used directly as a measure of air quality 
impacts, however, in eastern Texas, NOx is primarily a concern as a precursor to ozone 
formation.  In this work, NOx emissions predicted for the ERCOT grid were used as 
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inputs to a regional air quality model to estimate the impacts of the emissions on ozone 
concentrations. The Comprehensive Air Quality Model with Extension (CAMx; 
www.camx.com) was used to predict ozone concentrations.  CAMx is a state-of-the-
science, 3-D, Eulerain photochemical grid model and is used extensively by the State of 
Texas in regional air quality planning.  CAMx was used to examine the impacts of 
alternative dispatching strategies on daily maximum 1-hour ozone concentrations, in 
addition to other atmospheric pollutants. The model inputs include meteorological data, 
initial and boundary conditions, land use and land cover data, and emission inventories. 
Emission inventories include all anthropogenic emissions (point sources, mobile sources, 
non-road mobile sources, and area sources), as well as significant natural sources 
(biogenic emissions). Electricity generation units are represented in the model as point 
sources. The episode selected for this analysis is based on photochemical modeling 
developed by the Texas Commission on Environmental Quality (TCEQ) for air quality 
planning in the Houston-Galveston-Brazoria area (HGB) (TCEQ, 2010a). Performance of 
the model in predicting base case conditions are reported by TCEQ (TCEQ, 2010b).  
Figure 7-3 shows the spatial domain of the air quality model.  
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Figure ‎7-3: Nested regional and urban scale domains used in CAMx; a 36-km regional 
domain (east of U.S. domain), a 12-km East Texas domain, a 4-km HGB/BPA, and the 
Houston-Galveston (HG) subdomain (Source: TCEQ, 2010a). 
The photochemical modeling episode covers the period from May 31 to June 15, 
2006. For this study, June 13 will be used as a representative day with high electricity 
demand, elevated ozone concentrations, and exceptional drought intensity. Figure 7-4 
shows the spatial distribution of ozone concentrations at the hour with the maximum 1 hr 
ozone concentration predicted for the 12-km East Texas domain on June 13.  
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Figure ‎7-4: 1 h average ozone concentrations during the hour with predicted maximum 
ozone concentration for June 13. 
 
7.2.4 Modeling Exceptional and Severe Drought Conditions 
Potential constraints imposed by intensive drought conditions were imposed on 
the modeling system shown in Figure 7-2.   The ERCOT grid was divided geographically 
into five domains based on the five categories of drought severity index reported by the 
National Drought Mitigation Center (drought severity index is shown in Figure 7-1). 
Domains 1 and 2 had exceptional and extreme drought intensity (southern Texas). 
Domain 3 had severe drought conditions (mid and northeast Texas). Domains 4 and 5 
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were characterized by moderate drought and abnormally dry conditions, respectively.  
Electricity generating units in each of the five domains were identified using 
geographical information systems (ArcGIS) software and were linked with the water use 
database.  The goal was to determine whether the water consumption due to electricity 
generation in domains 1 and 2 (extreme and exceptional drought) could be completely 
eliminated and whether water use could be partially reduced in domain 3 (severe 
drought).  In the simulations, EGUs in domains 1 and 2 were eliminated as power 
providers, even though some of these EGUs have senior water rights.    These simulations 
are designed to be extreme tests of the resilience of the grid to drought disturbance.  More 
moderate transfers could have been considered, but this severe test of the drought 
resilience of the system provides a clearer indication of the potential consequences of the 
transfers.  
For the case study day of June 13, the total ERCOT load over the 24 h period was 
1,091 GWh, and the peak hourly demand was 59 GWh from 5:00 to 6:00 p.m (ERCOT 
2011a). The southern region, in which the drought was exceptional and extreme, has 67 
EGUs. These units were responsible for 10% of the total generation (108 GWh out of 
1,091 GWh) and consumed 202,500 m
3
 of water for the day, accounting for 
approximately 14% of the total water consumption in the grid. These units were assumed 
to be shut down to save water for junior water right holders, such as the municipal sector. 
The generation was shifted into other regions of ERCOT, while satisfying electricity 
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demand and transmission constraints.  In addition, in some simulations the generation 
from the EGUs in domain 3 (severe drought) were restricted, but not completely 
eliminated.  The scenarios considered are shown in Table 7-2.  A base case assumes no 
drought restrictions in any of the domains.  A first scenario assumes that electricity 
generation was completely re-dispatched from domains 1 and 2 (extreme and exceptional 
drought) (i.e., 100% reduction in the EGUs in these regions). This scenario assumes that 
no restrictions are applied on generation from domain 3 (severe drought), so generation 
could increase in regions with severe drought to offset the reductions in domains 1 and 2, 
worsening the drought conditions in domain 3. In scenarios 2-5, the system was forced to 
reduce the generation in domain 3 (severe drought) by 0%, 5%, 10%, and 15%, 
respectively, relative to the base case, ensuring that increases in water use due to 
electricity dispatching do not occur in regions with severe or higher drought indices.  
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Table ‎7-2: Smart dispatching scenarios in response to drought stress. 
Smart Dispatching 
Scenarios 
Percent Change in Generation  
Total Electricity 
Generation 
(GWh) 
Domain 1 & 2 
(Exceptional & 
Extreme Drought) 
Domain 3 
(Severe 
Drought) 
Base Case No Restrictions No Restrictions 1091 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
-100 No Restrictions 1091 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
-100 0 1091 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
-100 -5 1091 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
-100 -10 1091 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
-100 -15 1091 
 
7.2.5 Sensitivity of Smart Dispatching to Different Electricity Demands 
The costs and impacts of dispatching from water scarce to water rich regions 
depend on electricity demand levels. To examine the sensitivity of dispatching decisions 
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to different levels of electricity demand, PowerWorld simulations were performed for 
multiple days, with different power demands, during the summer of 2006.   
The response of dispatching (changes in emissions and water consumptions that 
results from the dispatching through the integrated system) to different demands was 
modeled using four days from the summer of 2006 with different levels of electricity 
demand.  All of these days were associated with very high ozone concentration. The four 
days had total demands of 650, 878, 1,091 (June 13, previously described) and 1,175 
GWh of total electricity demand (ERCOT 2011).  The corresponding domain wide 
maximum 1 h average ozone concentrations for these days were 99, 101, 132 and 158 
ppb (TCEQ 2012).  Although the days occurred throughout the summer, to keep the 
interpretation of the sensitivity analysis straightforward, the drought levels shown in 
Figure 7-1 for June 13 will be assumed to be the same for all of the days.   
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7.3 RESULTS AND DISCUSSION 
The potential impacts of the dispatching scenarios, designed to reduce water 
consumption in water scarce regions, on total water consumption, NOx emissions, carbon 
emissions, daily maximum 1-hour ozone concentrations, and changes in generation cost 
are reported in the sections below.  
7.3.1 Water Consumption 
Electricity generation units in domains 1 and 2 were estimated to have generated 
108 GWh of electricity on June 13, 2006 in the base case simulation and were estimated 
to be responsible for 14% of the total water consumption in the Texas grid. The 
simulation results indicate that the grid has enough capacity (MW) to support the 
decision to completely shift the 108 GWh of electricity from southern Texas. Doing so 
would reduce water consumption by 202,500 m
3
 for the day in this domain. However, if 
changes in generation in the region with severe drought (domain 3) are not restricted, 
generation is predicted to increase by 6% and water use is predicted to increase by 5.3% 
(28,500 m
3
/day) in domain 3 when generation in domains 1 and 2 (extreme and 
exceptional drought) is eliminated.  To avoid importing water scarcity into domain 3, 
additional scenarios were evaluated in which the grid was forced to not increase domain 3 
generation in‎ one‎ scenario‎ (“0%”)‎ and‎ to‎ reduce‎ it‎ by‎ 5%,‎ 10%, and 15% in other 
scenarios, as described in Table 7-2. Table 7-3 shows the amount of water consumed by 
EGUs in each domain for the base case and the percent change (an increase is indicated 
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by a positive‎ sign‎ “+”‎ and‎ a decrease is indicated by a negative‎ sign‎ “-“)‎ in‎ water‎
consumption for all scenarios relative to the base case. 
Table ‎7-3: Water consumption (1,000 m
3
/day) for each region in the Texas grid and the 
% change for each scenario relative to the base case.  
  Water Consumption (1,000 m
3
/day) 
Scenario 
Domains  
1 and 2 
Domain 3 
Domains  
4 and 5 
Total  
Base Case 202.5 533.5 701.0 1437 
 
Percent Change Relative to the Base Case 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
–100 5.3 17.0 –3.8 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
–100 0 23.6 –2.3 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
–100 –2.3 29.1 –0.7 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
–100 –6.5 34.1 0.2 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
–100 –9.9 39.2 1.4 
Table 7-3 shows that re-dispatching electricity generation from regions with 
extreme and exceptional drought to areas with less water scarcity has relatively small 
impacts on total water consumption in the grid (summed over domains 1-5).  Water 
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consumption in domains 1 and 2 are reduced by 202,500 m
3
/day, while the scenarios 
reported in Table 3 predict total water consumption changes over all domains ranging 
from -55 thousand m
3
/day (net decrease) to +20 thousand m
3
/day (net increase).   
Increasing constraints on water consumption in domain 3 (severe drought) increased total 
water use, summed over all domains.   Reducing generation in domain 3 by more than 
15% violated the network constraints and caused an imbalance between supply and 
demand.  
7.3.2 NOx, SOx and Carbon Emissions 
Dispatching electricity generation from domains 1, 2 and 3 also have impacts on 
SOx, NOx and carbon emissions. The results show that dispatching scenarios can import 
approximately 31, 44 and 74,600 (ton/day) of SOx, NOx and CO2 emissions, 
respectively, from domains 1 and 2 into the other domains. All of the dispatching 
scenarios showed a net increase in total SOx, NOx and CO2 emissions rates, summed 
over domains 1-5. Tables 7-4, 7-5 and 7-6 show SOx, NOx and CO2 emissions rates for 
the base case in each region and the percent change for each dispatching scenario relative 
to the base case.  So, while dispatching electricity generation out of regions with 
exceptional and extreme drought can lead, in some cases, to an overall decrease in water 
usage, total emissions increase, and the percentage increases in NOx emissions are 
significantly higher than the percentage increases in emissions of SOx and CO2.  The 
increase in NOx emissions is due to the relatively high NOx emissions from EGUs in 
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domains 4 and 5, which absorb most of the generation exported out of domains 1 and 2.  
For example, for the scenario where generation is eliminated in domains 1 and 2, and 
reduced by 15% in domain 3,  generation in domains 4 and 5 increased by 39% to offset 
this reduction; the NOx emissions, however, increased in domains 4 and 5 by 86.2% 
(13.3 % increase in total NOx emissions for domains 1-5).  
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Table ‎7-4: SOx emissions rate (ton/day) for each region in the Texas grid and the % 
change for each scenario relative to the base case. 
  SOx emission rate (ton/day) 
Scenario 
Domains  
1 and 2 
Domain 3 
Domains  
4 and 5 
Total  
Base Case 31 121 99 251 
 
Percentage of Change Relative to the Base Case 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
-100 8.7 24.0 1.3 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
-100 2.1 28.6 0.0 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
-100 1.6 32.4 1.2 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
-100 -3.1 36.3 0.5 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
-100 -5.8 39.3 0.3 
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Table ‎7-5: NOx emissions rate (ton/day) for each region in the Texas grid and the % 
change for each scenario relative to the base case.  
  NOx emission rate (ton/day) 
Scenario 
Domains  
1 and 2 
Domain 3 
Domains  
4 and 5 
Total  
Base Case 43.8 214.0 116.9 374.7 
 
Percent Change Relative to the Base Case 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
–100.0 4.1 34.2 1.4 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
–100.0 3.1 47.7 5.1 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
–100.0 3.4 60.2 9.2 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
–100.0 0.4 74.0 11.7 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
–100.0 –3.5 86.2 13.3 
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Table ‎7-6: CO2 emission rate (ton/day) for each region in the Texas grid and the % 
change for each scenario relative to the base case. 
  CO2 emission rate (ton/day) 
Scenario 
Domains  
1 and 2 
Domain 3 
Domains  
4 and 5 
Total  
Base Case 74,600 360,300 182,600 617,500 
 
Percent Change Relative to the Base Case 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
-100 7.5 29.5 1.1 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
-100 3.3 39.5 1.6 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
-100 0.7 47.9 2.5 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
-100 -4.0 57.3 2.5 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
-100 -8.6 64.7 2.0 
 
7.3.3 Maximum Changes in 1-hour Ozone Concentration 
Given the relatively large increases in NOx emissions when dispatching 
electricity from water scarce to water rich regions, the air quality impacts of these 
emissions are of potential concern.  The primary concern associated with NOx emissions 
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in eastern Texas is ozone formation, so a photochemical air quality model was used to 
predict changes in the daily maximum 1-hour ozone concentrations that resulted from the 
dispatching scenarios. Maximum changes (O3 test – O3 base case) in 1-hour ozone 
concentrations over Eastern Texas were also estimated. The maximum decrease 
represents the maximum benefit in the daily 1-hour ozone concentration whereas the 
maximum increase represents the maximum degradation that occurred across the domain, 
regardless of time of day or the absolute value of (as opposed to difference in) ozone 
concentrations. Both increases and decreases are observed, in part because NOx 
emissions are increased in some regions and decreased in others, and in part because 
NOx emissions can titrate ozone in the region around the source.   Maximum changes 
were examined for six major cities in Texas: Austin (AUS), Dallas-Fort Worth (DFW), 
Houston-Galveston-Brazoria (HGB), Beaumont-Port Arthur (BPA), Waco (WACO), and 
Northeast Texas (NETX). The quantities reported for each city are the maximum changes 
observed in the metropolitan statistical areas of each city.  The air quality impact on the 
remaining areas is shown under the “Others”‎ category.‎Maximum‎ reductions‎ in‎ ozone‎
concentrations that occurred for each area over the course of the day regardless of time 
are shown in Table 7-7.  Maximum increases are shown in Table 7-8.   
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Table ‎7-7: Maximum air quality benefits in major cities in Texas for dispatching 
scenarios. 
  Maximum Reductions in 1-hour Ozone Concentrations 
Scenario DFW AUS HGB BPA WACO NETX Others 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
1.2 14.7 1.9 0.5 0.5 1.7 18.1 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
0.3 14.7 2.4 0.5 0.7 2.1 18.1 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
0.5 14.9 2.4 0.5 0.9 2.6 18.1 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
0.6 14.7 2.4 0.5 1.0 1.9 18.1 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
0.5 14.7 2.8 0.5 1.1 1.3 18.1 
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Figure ‎7-5: Spatial distribution of maximum reductions in 1-hour ozone concentrations in 
the East Texas domain (12 km) for the scenario with complete elimination of generation 
in domains 1 and 2 and no increase in generation in domain 3.  
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Table ‎7-8: Maximum increases in ozone concentrations for the major cities in Texas 
attributable to the smart dispatching policy plans and the NOx pricing policy plan.  
  Maximum Increases in 1-hour Ozone Concentrations 
Scenario DFW AUS HGB BPA WACO NETX Others 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
0.8 8.9 3.0 1.4 1.2 2.6 5.7 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
2.5 8.9 3.3 1.4 1.8 1.8 6.2 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
4.3 8.9 3.6 1.4 2.5 2.1 6.8 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
5.5 8.9 3.6 1.4 2.5 2.8 7.4 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
5.1 10.3 3.6 1.4 3.4 3.5 9.9 
For the dispatching scenarios, the largest decreases in ozone concentrations 
occurred in southern Texas (see Figure 7-5), where generation was eliminated (domains 1 
and 2).  Ozone increases, shown in Figure 7-6, occurred primarily in rural areas.  The 
largest urban increases occurred in the region around Austin and happened at night.  
These increases were attributed to less titration of ozone by NOx emissions at night.   
Austin also showed large decreases in ozone concentrations during the day as power was 
dispatched away from two large EGUs near Austin in Bexar County, which were 
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responsible for approximately 7% of total base case NOx emissions statewide on the 
modeling day. Other cities showed much smaller changes in ozone concentrations, 
although for those cities that are currently in non-attainment of ozone air quality 
standards, these increases could be a concern (e.g., 0.8 ppb increase in Dallas-Fort 
Worth).  
 
Figure ‎7-6: Spatial distribution of maximum increases in 1-hour ozone concentrations in 
eastern Texas for complete elimination of generation in domains 1 and 2 and, for domain 
3 (a) no Restrictions, (b) no increase in generation, (c) 10% decrease in generation and 
(d) 15% decrease in generation. 
b)
c) d)
a)
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7.3.4 Cost Estimation 
The total cost for the base case and dispatching scenarios was estimated based on 
equation 1 and is shown in Table 7-9.  
Table ‎7-9: Cost estimation for the dispatching scenarios   
Scenario Total Cost ($) 
Δ Cost 
($) 
Δ Cost per water 
dispatched out of 
domains 1, 2 and 3 
($/1,000 m
3
) 
Base Case 31,511,000 0 0 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
32,883,000 1,372,000 7,900 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
33,186,000 1,675,000 8,400 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
33,628,000 2,117,000 9,900 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
34,118,000 2,610,000 10,800 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
35,012,000 2,770,000 11,000 
The total cost shown in Table 7-9 includes fuel, operation and maintenance costs, 
and SOx permit price. Table 7-9 also shows the added cost per 1000 cubic meters of  
water dispatched out of areas with exceptional, extreme and severe drought  ($/1,000 m
3
). 
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The change in the generation cost and the amount of water dispatched for dispatching 
scenarios depend on the level of restrictions applied to domain 3. As expected, tightening 
restrictions on domain 3 increased total generation cost.  
The cost of water savings, due to dispatching, can be compared to costs for 
implementing dry cooling technology in domains 1 and 2.  The daily cost for 
implementing dry cooling technology in domains 1 and 2 was estimated as $313,000.   
The cost was dominated by the cost of electricity required to run the coolers, rather than 
capital costs. The cost of electricity used in this estimate ($55.5/MWh) was the daily 
average market clearing price on the modeling day (June 13, 2006) for the South Zone of 
ERCOT (ERCOT 2011). However, market clearing prices for energy are measured based 
on 15-minute intervals (96 intervals throughout the day) and vary by zone. For example, 
the maximum price on the modeling day for the South Zone was $142/MWh (ERCOT 
2011). Because of the variations in the market clearing prices for energy, a sensitivity 
analysis was conducted to estimate the wholesale electricity rates that could make the 
cost of implementing dry cooling technology (by changing component 3 in equation 3) 
equal the cost of each scenario examined in this study. These values are shown in Figure 
7-7. Also, Figure 7-7 shows the added cost (change in generation cost) for each 
dispatching scenario. 
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Figure ‎7-7: Changes in generation cost for the dispatching scenarios ($) and the 
wholesale electricity rates that could make the cost of implementing dry cooling 
technology equal the cost of each dispatching scenario. 
In general, dry cooling had substantially lower costs per 1000 cubic meters of 
water saved in the domains of extreme and exceptional drought, than the costs associated 
with dispatching the electricity generation and water use out of the domains.  This result 
may be sensitive to the level of electricity demand, however, so a series of sensitivity 
studies were performed to assess the sensitivity of dispatching costs to the total level of 
demand in the system.   
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7.3.5 Sensitivity of Smart Dispatching to Different Electricity Demands 
The dispatching scenarios are influenced by the level of electricity demand. High 
electricity demand can limit available capacity in the grid, restricting the options 
available for dispatching and increasing costs. In this work, the sensitivity of dispatching 
to different levels of electricity demand was examined by evaluating dispatching 
scenarios on 4 days that had electricity demand levels that ranged from 650 GWh to 1175 
GWh. Table 7-10 shows the sensitivity of overall water consumption to the levels of 
electricity demand. Because the amount of electricity generated in domains 1 and 2 
(exceptional and extreme drought) varied depending on the total demand, water use in 
domains 1 and 2 also varied.  Table 7-10 also shows the amount of water dispatched out 
of areas with exceptional and extreme drought (domains 1 and 2) on each day, again 
assuming that all generation in these domains was eliminated.  Table 7-10 also shows the 
water use in domains 1-5, for the various scenarios that limit water use in domain 3 
(severe drought).  All of the days show a similar behavior to the June 13 case, discussed 
in detail in the previous sections.  Water use in the entire system was not significantly 
impacted, either positively or negatively, by the dispatching.  At the highest electricity 
demand (1175 GWh) some of the dispatching scenarios are infeasible because of 
violations in the network constraints.   
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Table ‎7-10: Overall water consumptions for the smart dispatching scenarios at a variety 
of demand levels (GWh). 
Scenario 650 GWh 878 GWh 1,090 GWh 1,175 GWh 
Water dispatched out of areas with 
exceptional and extreme drought 
(only domains 1 and 2) 
109.4 152.5 202.5 232.1 
 
Overall Water Consumption (1,000 m
3
) 
Base Case 
 
883 
 
 
1,185 
 
 
1,440 
 
 
1,585 
 
 
No generation for exceptional and 
extreme drought, no restrictions 
for severe drought  
 
846 1131 1389 1536 
No generation for exceptional and 
extreme drought, no increases for  
severe drought 
861 1151 1410 1558 
 
No generation for exceptional and 
extreme drought, 5% decrease for 
severe drought 
865 1164 1433 1580 
 
No generation for exceptional and 
extreme drought, 10% decrease for 
severe drought 
873 1171 1445 - 
 
No generation for exceptional and 
extreme drought, 15% decrease for 
severe drought 
878 1187 1463 - 
Figure 7-8 shows NOx, SOx and CO2 emissions rates for the base cases and 
dispatching scenarios at different demand levels. At the two highest demand levels, 
emissions increase for all of the air emissions for the dispatching scenarios.  At low 
electricity demand, in contrast, total emissions of NOx and CO2 emissions are reduced 
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for all dispatching scenarios compared to the base case. Reductions ranged from 6% to 
3% for NOx and from 7.6% to 2.4% for CO2 emissions relative to the base case.  These 
reductions are observed at low demand because relatively little of the generation that is 
dispatched to EGUs in domains 4 and 5 that have relatively high average NOx and CO2 
emissions rates. When electricity demand is low, the increased generation can be 
absorbed by the relatively low NOx and CO2 emitting EGUs in domains 4 and 5. At high 
electricity demand, high NOx and CO2 emitting units absorb most of the generation 
exported out of domains 1 and 2 because low emitting units are already being utilized.  
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Figure ‎7-8:  (a) NOx, (b) SOx and (c) CO2 emissions rates (tons/day) for the base cases 
and smart dispatching scenarios at a variety of demand levels (GWh). 
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Table 7-11 shows the total amounts of water dispatched out of domains 1-3 at 
each electricity demand level, Table 7-12 reports costs of generation and Table 7-13 
shows the added cost per 1000 cubic meters of water dispatched.  The behaviors are 
consistent across all of the electricity demand levels.  Amounts of water transferred out of 
domains 1-3 and costs per 1000 m
3
 of water transferred increase as additional restrictions 
are placed on domain 3 (severe drought). The costs compared to dry cooling, however, 
show more complex behavior.  The cost of dry cooling could be higher or lower than the 
added cost of dispatching scenarios, depending on the wholesale electricity rates. For 
example, the added cost for dispatching scenarios when electricity demand is low (650 
GWh) ranged from 64,000 to 463,000 ($). Using the average wholesale electricity rate on 
that day ($59/MWh) to estimate the cost of dry cooling technology leads to a total cost of 
400,000 ($). This cost is higher than the added cost of some dispatching scenarios on that 
day. When electricity demand is moderate (878 GWh), the added cost for dispatching 
scenarios ranged from 385,000 to 805,000 ($). The cost of dry cooling technology on that 
day using the average ($43/MWh) and maximum ($163/MWh) wholesale electricity sales 
rate is 305,000 ($) and 974,000 ($) respectively. Thus, the wholesale electricity sales rate 
is a critical factor when comparing dispatching to dry cooling technology. 
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Table ‎7-11: Total water consumption and the water dispatched out of exceptional, 
extreme and severe drought regions (domains 1, 2 and 3).    
Scenario 650 GWh 878 GWh 1090 GWh 1175 GWh 
 
Total Water Consumption (1000 m
3
) in domains 1, 2 and 3 
Base Case 449 602 736 817 
     
 
Water dispatched out of domains 1, 2 and 3 (1000 m3) 
 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
78 
 
119 
 
174 
 
195 
 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
112 
 
157 
 
199 
 
215 
 
 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
126 
 
176 
 
215 
 
234 
 
 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
143 
 
193 
 
237 
 
- 
 
 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
160 
 
214 
 
256 
 
- 
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Table ‎7-12: The total cost for the base case and the changes in generation cost for all 
smart dispatching scenarios relative to the base case at a variety of demand levels (GWh). 
Scenario 650 GWh 878 GWh 1090 GWh 1175 GWh 
Base Case (USD) 16,278,000 24,023,000 31,511,000 35,755,000 
 
Changes in Cost Relative to Base Case (USD) 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
 
64,000 385,000 1,372,000 1,996,000 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
 
246,000 485,000 1,675,000 2,500,000 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
 
314,000 547,00 2,117,000 2,887,000 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
 
416,000 624,000 2,610,000 _ 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
463,000 805,000 2,770,000 _ 
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Table ‎7-13: Changes in cost per water dispatched out of regions with exceptional, 
extreme and severe drought for the dispatching scenarios at different levels of electricity 
demand.  
  
650 GWh 878 GWh 1090 GWh 1175 GWh 
Scenario 
 Δ Cost per water dispatched out of domains 1, 2 and 3 
($/1,000 m
3
) 
No generation for exceptional 
and extreme drought, no 
restrictions for severe drought  
824 3,200 7,900 10,300 
No generation for exceptional 
and extreme drought, no 
increases for  severe drought 
2,200 3,000 8,400 11,600 
No generation for exceptional 
and extreme drought, 5% 
decrease for severe drought 
2,500 3,100 9,900 12,400 
No generation for exceptional 
and extreme drought, 10% 
decrease for severe drought 
2,900 3,200 10,800 _ 
No generation for exceptional 
and extreme drought, 15% 
decrease for severe drought 
2,940 3,800 11,000 _ 
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7.4 CONCLUSION 
An integrated model was developed to assess the ability of the ERCOT grid to 
simultaneously meet water use, air quality, and carbon emissions reductions under severe 
drought stress. The scenarios described in this work (complete elimination of generation 
in regions of extreme and exceptional drought and limited generation in regions of severe 
drought) are extreme scenarios.  Nevertheless, the qualitative characteristics that these 
scenarios illustrate are likely to occur, albeit to a lesser extent, under more measured 
responses.  Water consumption transfers can be accomplished from water scarce regions 
to water rich regions, with relatively little change in total water consumption.  These 
water transfers also carry air emission transfers, which can be significant, and the costs 
were generally greater than investments in dry cooling technologies at high electricity 
demand levels, but comparable to dry cooling costs at low to moderate demand levels. 
While these results are specific to ERCOT in Texas, the general modeling approach could 
be applied to other regions of interest. 
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CHAPTER 8: Summary and Recommendations 
The overall objective of this research was to explore and evaluate alternative 
electricity generation patterns (through dispatching) and their impact on air quality, water 
use, carbon emissions and costs in the existing ERCOT grid network.  
8.1 KEY CONCLUSIONS:   
The main findings of the work are: 
 Imposing higher NOx prices induces a switch from some coal-fired 
generation to natural gas generation, lowering NOx emissions up to 50.4% 
for a day with relatively high electricity demand. 
 In addition to lowering NOx, there are co-benefits of the redispatching of 
generation from coal to natural gas, including reductions in the emissions 
of SOx (25% to 71%), Hg (17% to 81%) and CO2 (8.7% to 21%).  Water 
consumption was also decreased, by 4.3% to 8.2%. 
 Substantial reductions of NOx can be achieved for an increased generation 
cost of 0.5-18%, which is due to the higher fuel price of gas relative to 
coal. 
 Using market-oriented price signals for carbon can reduce CO2 emissions 
up to 25.8%. However, the imposition of higher CO2 prices affects the 
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response of the system to NOx prices, causing fewer NOx reductions 
compared to scenarios without CO2 pricing and vice versa. 
 The grid capacity and the transmission power lines constraints did not 
greatly impact the flexibility for obtaining higher NOx and CO2 
reductions. Simulating the highest demand day in summer 2008 resulted in 
reductions in the emissions of NOx (20% - 44%) and CO2 (8.1% - 17.4%).  
 Simulations indicate that higher NOx prices reduce NOx emissions by 
more than 40%, even on high demand days. While increased generation 
costs per ton of NOx reduced using dispatching are generally higher than 
estimates of the costs of control technologies (SNCR and SCR), if credits 
are assigned to the co-benefits of reducing water use and reduced SOx and 
CO2 emissions, dispatching costs become comparable to control 
technology costs.  These co-benefit credits are dominated by the credits 
for CO2 emission reductions.   
 The maximum reductions in 1-hour ozone concentrations for NOx pricing 
policies ranged from 23 ppb – 0.5 ppb. Across-the-board NOx emission 
reductions result in maximum reductions that ranged from 9 ppb – 0.3 
ppb. Pricing policies target NOx emissions from high-impact facilities 
which results in air quality benefits that exceed the benefits associated 
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with NOx reductions across the region. However, areas of localized high 
concentrations‎of‎ozone‎“hot‎spots”‎were more commonly observed with 
NOx pricing. 
 The simulations showed that all electricity generation, and its associated 
water use, could be dispatched from regions with extreme and exceptional 
drought to other parts of the grid, even under high demand.  This 
dispatching had relatively small impacts on total water consumption 
summed over all regions of the grid, with changes in total water 
consumption ranging from -3.8% (net decrease) to 1.4% (net increase). 
 However, the dispatching scenarios responding to drought also resulted in 
a net increase in total NOx, SOx and CO2 emissions rates over the grid for 
most of the scenarios considered. Localized areas of increased in ozone 
concentration resulted from some of these emission changes.  
 The costs of electricity dispatching from water scarce to water rich regions 
ranged from under $1,000 to more than $10,000 per 1000 cubic meters of 
water consumption diverted.  This cost was generally greater than the cost 
of implementing dry cooling in the same facilities at high electricity 
demand levels, but comparable to dry cooling at low to moderate demand 
levels.   
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8.2 RECOMMENDATIONS: 
Recommendations for future work include: 
 Allowing some power plants to choose between emissions trading 
programs and installing more control equipments is a more realistic 
strategy and could be considered in future. 
 Applying additional human stress on the grid such as increased demand 
due to increased electrification of the transportation fleet could also be 
considered. 
 More constraints can be added to the integrated model such as increasing 
water permit prices in regions with drought. This should be considered in 
future work.  
 Dispatching power generation from water scarce regions to water rich 
regions resulting in some trade-offs such as increases in NOx and CO2 
emissions rates as shown in Chapter 8. Impose higher NOx emissions 
prices can be introduced to the electricity dispatching schemes for water 
redistribution to force the grid to reduce the emissions rates. This 
mechanism could be examined in future work.  
 
221 
 
Appendix A: Emissions and Water Consumption Factors 
Appendix A shows a list of all Texas power plants used in this analysis, along 
with their water consumption factors (Gallon/KWh), and NOx, CO2, SO2 emission 
factors (as Ib/MWh) and Hg emission factors (as Ib/GWh).  
 
 
 
Table A - 1: DoE ORISPL, NOx, SO2, CO2 (Ibs/MWh) and Hg (Ibs/GWh) emission 
factors and Water consumption (Gal/KWh) for Texas power plants 
PW 
Bus #
1
 
Plant Name DoE 
ORISPL
2
 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
6752 Oklaunion 127 3.9712 1.9918 2223 0.0393 0.36 
48721 Limestone 298 1.8983 2.7859 2114 0.076 0.38 
48722 Limestone 298 1.8983 2.7859 2114 0.076 0.38 
8262 
EAGLE PASS 
HYDRO 
3437 0 0 0 0 0 
8388 J L Bates 3438 2.7969 0.0078 1535 0 1.16 
8393 J L Bates 3438 2.7969 0.0078 1535 0 1.16 
8285 Laredo 3439 2.2968 0.0073 1438 0 0.7 
8287 Laredo 3439 2.2968 0.0073 1438 0 0.7 
 
1- Bus number used in PowerWorld simulator.  
2- Department of Energy, Office of Regulatory Information Systems Plant Location.  
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
8288 Laredo 3439 2.2968 0.0073 1438 0 0.7 
80012 Laredo 3439 2.2968 0.0073 1438 0 0.7 
8437 
NUECES BAY GEN 
UNIT #5 
3441 0 0 0 0 0.27 
8438 
NUECES BAY GEN 
UNIT #6 
3441 0 0 0 0 0.27 
8442 
NUECES BAY GEN 
UNIT 7 
3441 0 0 0 0 0.27 
2451 Lake Hubbard 3452 0.6156 0.0168 1472 0 0.45 
2452 Lake Hubbard 3452 0.6156 0.0168 1472 0 0.45 
2413 Mountain Creek 3453 0.3701 0.0078 1483 0 0.48 
2414 Mountain Creek 3453 0.3701 0.0078 1483 0 0.48 
2417 Mountain Creek 3453 0.3701 0.0078 1483 0 0.48 
2418 Mountain Creek 3453 0.3701 0.0078 1483 0 0.48 
2419 Mountain Creek 3453 0.3701 0.0078 1483 0 0.48 
2381 North Lake 3454 1.6787 0.0076 1458 0 0.35 
2382 North Lake 3454 1.6787 0.0076 1458 0 0.35 
2383 North Lake 3454 1.6787 0.0076 1458 0 0.35 
837 Newman 3456 1.7887 0.0065 1285 0 0.16 
48581 Cedar Bayou 3460 0.3526 0.0066 1301 0 0.4 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
48582 Cedar Bayou 3460 0.3526 0.0066 1301 0 0.4 
48690 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48691 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48691 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48692 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48692 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48693 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48693 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48691 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48691 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48692 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48692 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48693 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48693 Greens Bayou 3464 0.9417 0.016 1713 0 0.81 
48772 Robinson, P H Plant 
Substation 
3466 1.8426 0.0078 1546 0 0.48 
48851 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
48852 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
48853 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
48854 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
48855 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
48855 Sam Bertron 3468 1.8613 0.0074 1455 0 0.4 
48873 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48874 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48875 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48875 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48877 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48877 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48879 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48879 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48881 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48881 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48883 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48885 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48885 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48886 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48886 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48887 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
48887 T H Wharton 3469 0.5261 0.0325 1097 0 0.56 
48921 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48922 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48923 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48924 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48925 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48926 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48927 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48928 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
48929 W A Parish 3470 0.505 0.0561 2103 0.0297 0.51 
8511 Lone Star 3477 2.853 0.0063 1253 0 0.35 
1861 Eagle Mountain 3489 2.2503 0.0099 1965 0 0.35 
1862 Eagle Mountain 3489 2.2503 0.0099 1965 0 0.35 
1863 Eagle Mountain 3489 2.2503 0.0099 1965 0 0.35 
1432 Graham 3490 2.7793 0.2206 1374 0 0.35 
1433 Graham 3490 2.7793 0.2206 1374 0 0.35 
1945 Handley 3491 0.153 0.0082 1628 0 0.48 
1946 Handley 3491 0.153 0.0082 1628 0 0.48 
1947 Handley 3491 0.153 0.0082 1628 0 0.48 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
1948 Handley 3491 0.153 0.0082 1628 0 0.48 
1949 Handley 3491 0.153 0.0082 1628 0 0.48 
1037 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1039 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1040 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1041 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1042 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1043 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1044 Morgan Creek 3492 1.3486 0.1494 1614 0 0.26 
1002 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1003 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1004 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1005 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1006 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1007 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
1008 Permian Basin 3494 2.5133 0.693 1575 0 0.79 
3381 Big Brown 3497 1.6387 0.02124 2474 0.051 0.29 
3382 Big Brown 3497 1.6387 0.02124 2474 0.051 0.29 
3416 Lake Creek 3502 3.3155 0.0103 1573 0 2.35 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
3417 Lake Creek 3502 3.3155 0.0103 1573 0 2.35 
3107 Stryker Creek 3504 1.6256 0.5689 1522 0 0.29 
3108 Stryker Creek 3504 1.6256 0.5689 1522 0 0.29 
3403 Tradinghouse 3506 1.8151 0.0073 1445 0 0.43 
3404 Tradinghouse 3506 1.8151 0.0073 1445 0 0.43 
3126 Trinidad 3507 2.9439 2.1031 1908 0 0.67 
1687 Valley 3508 6.0698 0.0287 5472 0 0.38 
1688 Valley 3508 6.0698 0.0287 5472 0 0.38 
1689 Valley 3508 6.0698 0.0287 5472 0 0.38 
60201 RIO PECOS DRCS 3526 0 0 0 0 0 
9000 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
9001 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
9002 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
9003 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
9004 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
9005 Decker Creek 3548 1.0664 0.0087 1303 0 0.49 
344 Morris Sheppard 3557 0 0 0 0 0 
345 Morris Sheppard 3557 0 0 0 0 0 
5932 Silas Ray 3559 0.4059 0.0069 1336 0 0.7 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
5933 Silas Ray 3559 0.4059 0.0069 1336 0 0.7 
5935 Silas Ray 3559 0.4059 0.0069 1336 0 0.7 
32886 Bryan 3561 1.2302 0.0533 1766 0 0.96 
32887 Bryan 3561 1.2302 0.0533 1766 0 0.96 
32888 Bryan 3561 1.2302 0.0533 1766 0 0.96 
32890 Bryan 3561 1.2302 0.0533 1766 0 0.96 
32891 Bryan 3561 1.2302 0.0533 1766 0 0.96 
842 Ray Olinger 3576 0.614 0.008 1376 0 0.35 
843 Ray Olinger 3576 0.614 0.008 1376 0 0.35 
844 Ray Olinger 3576 0.614 0.008 1376 0 0.35 
845 Ray Olinger 3576 0.614 0.008 1376 0 0.35 
7020 Austin 3594 0 0 0 0 0 
7020 Austin 3594 0 0 0 0 0 
7022 Buchanan 3595 0 0 0 0 0 
7023 Buchanan 3595 0 0 0 0 0 
7024 Buchanan 3595 0 0 0 0 0 
7026 Inks 3598 0 0 0 0 0 
7028 Marble Falls 3599 0 0 0 0 0 
7029 Marble Falls 3599 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
7031 Marshall Ford 3600 0 0 0 0 0 
7032 Marshall Ford 3600 0 0 0 0 0 
7033 Marshall Ford 3600 0 0 0 0 0 
7004 Sim Gideon 3601 1.0649 0.0073 1402 0 0.34 
7005 Sim Gideon 3601 1.0649 0.0073 1402 0 0.34 
7006 Sim Gideon 3601 1.0649 0.0073 1402 0 0.34 
5264 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5265 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5266 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5267 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5268 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5269 Leon Creek 3609 0.201 0.0069 1364 0 0.62 
5396 O W Sommers 3611 1.6446 0.0082 1359 0 0.71 
5397 O W Sommers 3611 1.6446 0.0082 1359 0 0.71 
5026 V H Braunig 3612 1.7782 0.0068 1332 0 1.2 
5027 V H Braunig 3612 1.7782 0.0068 1332 0 1.2 
5028 V H Braunig 3612 1.7782 0.0068 1332 0 1.2 
5436 W B Tuttle 3613 2.7147 0.0088 1750 0 2.27 
5438 W B Tuttle 3613 2.7147 0.0088 1750 0 2.27 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
5439 W B Tuttle 3613 2.7147 0.0088 1750 0 2.27 
503 North Texas 3627 3.5387 0.0652 2179 0 0.12 
504 North Texas 3627 3.5387 0.0652 2179 0 0.12 
505 North Texas 3627 3.5387 0.0652 2179 0 0.12 
332 R W Miller 3628 1.5349 0.0094 1451 0 0.36 
333 R W Miller 3628 1.5349 0.0094 1451 0 0.36 
334 R W Miller 3628 1.5349 0.0094 1451 0 0.36 
335 R W Miller 3628 1.5349 0.0094 1451 0 0.36 
336 R W Miller 3628 1.5349 0.0094 1451 0 0.36 
5890 Pearsall 3630 2.8108 0.044 1763 0 1.55 
5891 Pearsall 3630 2.8108 0.044 1763 0 1.55 
5892 Pearsall 3630 2.8108 0.044 1763 0 1.55 
5503 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5505 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5506 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5508 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5509 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5511 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
5512 Sam Rayburn 3631 0.1899 0.0061 1030 0 0.05 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
948 Powerlane Plant 4195 2.848 0.0219 1879 0 0.35 
949 Powerlane Plant 4195 2.848 0.0219 1879 0 0.35 
950 Powerlane Plant 4195 2.848 0.0219 1879 0 0.35 
923 Spencer 4266 0.5708 0.0201 1740 0 0.7 
924 Spencer 4266 0.5708 0.0201 1740 0 0.7 
7000 Thomas C Ferguson 4937 2.3356 0.0071 1401 0 0.35 
8459 Barney M. Davis 4939 1.7894 0.0075 1493 0 0.27 
8460 Barney M. Davis 4939 1.7894 0.0075 1493 0 0.27 
8032 Amistad Dam & 
Power 
6128 0 0 0 0 0 
8033 Amistad Dam & 
Power 
6128 0 0 0 0 0 
990 Gibbons Creek 6136 1.2851 6.5285 1985 0.0799 2.67 
5920 Welsh 6139 2.1234 5.9639 2286 0.0485 0.55 
1898 Comanche Peak 6145 0 0 0 0 0.58 
1899 Comanche Peak 6145 0 0 0 0 0.58 
3097 Martin Lake 6146 1.7752 0.083978 2366 0.0772 0.36 
3098 Martin Lake 6146 1.7752 0.083978 2366 0.0772 0.36 
3099 Martin Lake 6146 1.7752 0.083978 2366 0.0772 0.36 
1701 Monticello 6147 1.9094 0.017645 2363 0.1454 0.22 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
1702 Monticello 6147 1.9094 0.017645 2363 0.1454 0.22 
1703 Monticello 6147 1.9094 0.017645 2363 0.1454 0.22 
8161 Coleto Creek 6178 1.5166 5.6414 2064 0.032 0.36 
7010 Fayette Power Project 6179 1.2355 5.2809 2167 0.0696 0.35 
7011 Fayette Power Project 6179 1.2355 5.2809 2167 0.0696 0.35 
7012 Fayette Power Project 6179 1.2355 5.2809 2167 0.0696 0.35 
5111 J T Deely 6181 1.5562 0.07396 2428 0.084 0.71 
5112 J T Deely 6181 1.5562 0.07396 2428 0.084 0.71 
5903 San Miguel 6183 2.5783 8.7511 2688 0.0461 0.87 
32884 Dansby 6243 1.2047 0.0067 1323 0 0.35 
32892 Dansby 6243 1.2047 0.0067 1323 0 0.35 
5911 South Texas Project 6251 0 0 0 0 0.6 
5912 South Texas Project 6251 0 0 0 0 0.6 
5728 Falcon Dam & Power 6410 0 0 0 0 0 
5729 Falcon Dam & Power 6410 0 0 0 0 0 
8048 Falcon Dam & Power 6410 0 0 0 0 0 
244 Whitney 6414 0 0 0 0 0 
245 Whitney 6414 0 0 0 0 0 
6948 Denison 6416 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
6948 Denison 6416 0 0 0 0 0 
3432 Sandow No 4 6648 2.2192 0.012 2451 0.0682 0.35 
39960 Twin Oaks Power 
One 
7030 1.8276 4.4026 2444 0.013 0.59 
39970 Twin Oaks Power 
One 
7030 1.8276 4.4026 2444 0.013 0.59 
5401 J K Spruce 7097 1.9219 1.7976 2344 0.0022 0.71 
48841 San Jacinto Steam 
Electric Station 
7325 0.3169 0.0075 1488 0 0 
48842 San Jacinto Steam 
Electric Station 
7325 0.3169 0.0075 1488 0 0 
5476 Arthur Von 
Rosenberg 
7512 0.218 0.0043 860 0 1.1 
5477 Arthur Von 
Rosenberg 
7512 0.218 0.0043 860 0 1.1 
5478 Arthur Von 
Rosenberg 
7512 0.218 0.0043 860 0 1.1 
8517 Celanese 7678 0 0 0 0 0.7 
9016 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
9017 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
9018 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
9019 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
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9020 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
9021 Sand Hill 7900 0.2362 0.0044 866 0 0.23 
1889 DeCordova Steam 
Electric Station 
8063 1.4121 0.0202 1429 0 0.04 
1892 DeCordova Steam 
Electric Station 
8063 1.4121 0.0202 1429 0 0.04 
1893 DeCordova Steam 
Electric Station 
8063 1.4121 0.0202 1429 0 0.04 
1894 DeCordova Steam 
Electric Station 
8063 1.4121 0.0202 1429 0 0.04 
1895 DeCordova Steam 
Electric Station 
8063 1.4121 0.0202 1429 0 0.04 
48510 Chocolate Bayou 
Works 
10154 0.8516 0.0332 1083 0 0.05 
80227 Seadrift Coke LP 10167 0.85447 0.2611 5440 0 0.23 
8506 Valero Refinery 
Corpus Christi East 
10203 1.442 0.0549 1833 0 0.05 
8507 Valero Refinery 
Corpus Christi East 
10203 1.442 0.0549 1833 0 0.05 
48651 Enterprise Products 
Operating 
10261 0.782 0.0281 994 0 0.05 
48651 Enterprise Products 
Operating 
10261 0.782 0.0281 994 0 0.05 
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48531 Bayou Cogen Plant 10298 0.5344 0.02 679 0 0.05 
48532 Bayou Cogen Plant 10298 0.5344 0.02 679 0 0.05 
48533 Bayou Cogen Plant 10298 0.5344 0.02 679 0 0.05 
48534 Bayou Cogen Plant 10298 0.5344 0.02 679 0 0.05 
48730 Chocolate Bayou 
Plant 
10418 0.438 0.0105 363 0 0.3 
49803 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
49804 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
49805 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
49826 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
49828 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
49829 ExxonMobil 
Baytown Refinery 
10436 0.8953 0.0332 1138 0 0.05 
8134 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
8138 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
8153 Formosa Utility 10554 0.024 0.0006 20 0 0.83 
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Venture Ltd 
8154 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
8155 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
8156 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
8157 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
80051 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
80052 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
 80053 Formosa Utility 
Venture Ltd 
10554 0.024 0.0006 20 0 0.83 
48500 AES Deepwater 10670 6.2071 2.7481 2594 0 0.3 
49830 ExxonMobil Baytown 
Turbine 
10692 0.782 0.029 994 0 0.05 
49831 ExxonMobil Baytown 
Turbine 
10692 0.782 0.029 994 0 0.05 
49832 ExxonMobil Baytown 
Turbine 
10692 0.782 0.029 994 0 0.05 
49837 ExxonMobil Baytown 
Turbine 
10692 0.782 0.029 994 0 0.05 
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49838 ExxonMobil Baytown 
Turbine 
10692 0.782 0.029 994 0 0.05 
48561 Clear Lake 
Cogeneration Ltd 
10741 0.4675 0.0294 994 0 0.3 
48562 Clear Lake 
Cogeneration Ltd 
10741 0.4675 0.0294 994 0 0.3 
48563 Clear Lake 
Cogeneration Ltd 
10741 0.4675 0.0294 994 0 0.3 
48564 Clear Lake 
Cogeneration Ltd 
10741 0.4675 0.0294 994 0 0.3 
48565 Clear Lake 
Cogeneration Ltd 
10741 0.4675 0.0294 994 0 0.3 
8461 Corpus Refinery 50026 0.782 0.0298 994 0 0.05 
48611 Houston Chemical 
Complex Battleground 
50043 0.0673 0.0008 27 0 0.3 
48612 Houston Chemical 
Complex Battleground 
50043 0.0673 0.0008 27 0 0.3 
48613 Houston Chemical 
Complex Battleground 
50043 0.0673 0.0008 27 0 0.3 
48614 Houston Chemical 
Complex Battleground 
50043 0.0673 0.0008 27 0 0.3 
1675 PARIS ENERGY 
CENTER UNIT-1 
50109 0.0045 0.0001 3 0 0.23 
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lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
1676 PARIS ENERGY 
CENTER UNIT-2 
50109 0.0045 0.0001 3 0 0.23 
1677 PARIS ENERGY 
CENTER UNIT-3 
50109 0.0045 0.0001 3 0 0.23 
1479 Signal Hill Wichita 
Falls Power LP 
50127 0.4675 0.0298 994 0 0.23 
1479 Signal Hill Wichita 
Falls Power LP 
50127 0.4675 0.0298 994 0 0.23 
1482 Signal Hill Wichita 
Falls Power LP 
50127 0.4675 0.0298 994 0 0.23 
1482 Signal Hill Wichita 
Falls Power LP 
50127 0.4675 0.0298 994 0 0.23 
8147 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
8148 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
80137 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
80137 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
80138 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
80139 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
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80139 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
80140 Union Carbide 
Seadrift Cogen 
50150 0.1131 0.0022 87 0 0.23 
39470 Texas City Plant 
Union Carbide 
50153 0.3301 0.0121 420 0 0.23 
39480 Texas City Plant 
Union Carbide 
50153 0.3301 0.0121 420 0 0.23 
48761 Texas Petrochemicals 50229 0.7592 0.0227 683 0 0.3 
48820 Shell Deer Park 50304 1.0211 0.0358 1214 0 0.23 
48821 Shell Deer Park 50304 1.0211 0.0358 1214 0 0.23 
48822 Shell Deer Park 50304 1.0211 0.0358 1214 0 0.23 
48822 Shell Deer Park 50304 1.0211 0.0358 1214 0 0.23 
8066 BP Chemicals Green 
Lake Plant 
50404 0 0 0 0 0.3 
80224 BP Chemicals Green 
Lake Plant 
50404 0 0 0 0 0.3 
80225 BP Chemicals Green 
Lake Plant 
50404 0 0 0 0 0.3 
1416 TXU Sweetwater 
Generating Plant 
50615 0.9157 0.0049 961 0 0.23 
1417 TXU Sweetwater 
Generating Plant 
50615 0.9157 0.0049 961 0 0.23 
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 1418 TXU Sweetwater 
Generating Plant 
50615 0.9157 0.0049 961 0 0.23 
1419 TXU Sweetwater 
Generating Plant 
50615 0.9157 0.0049 961 0 0.23 
48791 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48792 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48793 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48794 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48795 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48796 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
48797 Altura Cogen 50815 1.1951 0.0064 1258 0 0.23 
80226 Point Comfort 
Operations 
52069 0.8574 0.0177 601 0 0.3 
38711 Texas City Power 
Plant 
52088 0.1772 0.0056 207 0 0.23 
38712 Texas City Power 
Plant 
52088 0.1772 0.0056 207 0 0.23 
38713 Texas City Power 
Plant 
52088 0.1772 0.0056 207 0 0.23 
38714 Texas City Power 
Plant 
52088 0.1772 0.0056 207 0 0.23 
49851 Dow Chemical Texas  52120 0.415 0.0256 883 0 0.23 
241 
 
Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
49858 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49859 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49860 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49862 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49863 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49865 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49866 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49869 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
 49870 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49871 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49872 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
49873 Dow Chemical Texas 
Operation 
52120 0.415 0.0256 883 0 0.23 
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39190 S&L Cogeneration 54253 0.782 0.0288 994 0 0.05 
49876 Oyster Creek Unit VIII 54676 0.4557 0.0293 969 0 0.23 
49877 Oyster Creek Unit VIII 54676 0.4557 0.0293 969 0 0.23 
49878 Oyster Creek Unit VIII 54676 0.4557 0.0293 969 0 0.23 
49882 Oyster Creek Unit VIII 54676 0.4557 0.0293 969 0 0.23 
49884 Oyster Creek Unit VIII 54676 0.4557 0.0293 969 0 0.23 
366 Johnson County 54817 0.249 0.0048 951 0 0.23 
367 Johnson County 54817 0.249 0.0048 951 0 0.23 
1320 Big Spring Wind Power 
Facility 
54979 0 0 0 0 0 
39760 Sweeny Cogen Facility 55015 0.4153 0.0059 1284 0 0.05 
39770 Sweeny Cogen Facility 55015 0.4153 0.0059 1284 0 0.05 
39775 Sweeny Cogen Facility 55015 0.4153 0.0059 1284 0 0.05 
39790 Sweeny Cogen Facility 55015 0.4153 0.0059 1284 0 0.05 
48551 Pasadena Cogeneration 55047 0.195 0.0042 823 0 0.23 
48552 Pasadena Cogeneration 55047 0.195 0.0042 823 0 0.23 
48740 Pasadena Cogeneration 55047 0.195 0.0042 823 0 0.23 
48741 Pasadena Cogeneration 55047 0.195 0.0042 823 0 0.23 
48742 Pasadena Cogeneration 55047 0.195 0.0042 823 0 0.23 
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48671 Tenaska Frontier 
Generation Station 
55062 0.2483 0.0043 846 0 0.23 
48672 Tenaska Frontier 
Generation Station 
55062 0.2483 0.0043 846 0 0.23 
 48673 Tenaska Frontier 
Generation Station 
55062 0.2483 0.0043 846 0 0.23 
48674 Tenaska Frontier 
Generation Station 
55062 0.2483 0.0043 846 0 0.23 
8926 Gregory Power 
Facility 
55086 0.2871 0.006 1192 0 0.23 
8927 Gregory Power 
Facility 
55086 0.2871 0.006 1192 0 0.23 
8928 Gregory Power 
Facility 
55086 0.2871 0.006 1192 0 0.23 
1937 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
1938 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
1941 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
1942 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
1943 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
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1944 Midlothian Energy 
Facility 
55091 0.0873 0.0042 829 0 0 
1678 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
1679 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
1680 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
1681 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
1682 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
1683 Lamar Power Project 55097 0.3178 0.0045 897 0 0.23 
8933 Frontera Energy 
Center 
55098 0.3315 0.0046 911 0 0.23 
8934 Frontera Energy 
Center 
55098 0.3315 0.0046 911 0 0.23 
8935 Frontera Energy 
Center 
55098 0.3315 0.0046 911 0 0.23 
8936 Magic Valley 
Generating Station 
55123 0.2257 0.0044 867 0 0.23 
8937 Magic Valley 
Generating Station 
55123 0.2257 0.0044 867 0 0.23 
8938 Magic Valley 
Generating Station 
55123 0.2257 0.0044 867 0 0.23 
13116 Tenaska Gateway 
Generating Station 
55132 0.2081 0.0045 879 0    0.23 
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13117 Tenaska Gateway 
Generating Station 
55132 0.2081 0.0045 879 0 0.23 
13118 Tenaska Gateway 
Generating Station 
55132 0.2081 0.0045 879 0 0.23 
13119 Tenaska Gateway 
Generating Station 
55132 0.2081 0.0045 879 0 0.23 
7810 Rio Nogales Power 
Project 
55137 0.2176 0.0044 878 0 0.23 
7811 Rio Nogales Power 
Project 
55137 0.2176 0.0044 878 0 0.23 
7812 Rio Nogales Power 
Project 
55137 0.2176 0.0044 878 0 0.23 
7813 Rio Nogales Power 
Project 
55137 0.2176 0.0044 878 0 0.23 
1877 Wolf Hollow I, L.P. 55139 0.2394 0.0051 1008 0 0.34 
1878 Wolf Hollow I, L.P. 55139 0.2394 0.0051 1008 0 0.34 
1879 Wolf Hollow I, L.P. 55139 0.2394 0.0051 1008 0 0.34 
7014 Hays Energy Project 55144 0.1083 0.0042 841 0 0.1 
7015 Hays Energy Project 55144 0.1083 0.0042 841 0 0.1 
7016 Hays Energy Project 55144 0.1083 0.0042 841 0 0.1 
7017 Hays Energy Project 55144 0.1083 0.0042 841 0 0.1 
7800 Guadalupe Generating  55153 0.4785 0.0044 873 0 0.23 
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7801 Guadalupe Generating 
Station 
55153 0.4785 0.0044 873 0 0.23 
7802 Guadalupe Generating 
Station 
55153 0.4785 0.0044 873 0 0.23 
7803 Guadalupe Generating 
Station 
55153 0.4785 0.0044 873 0 0.23 
7804 Guadalupe Generating 
Station 
55153 0.4785 0.0044 873 0 0.23 
7805 Guadalupe Generating 
Station 
55153 0.4785 0.0044 873 0 0.23 
7007 Lost Pines 1 Power 
Project 
55154 0.1219 0.0043 857 0 0.23 
7008 Lost Pines 1 Power  55154 0.1219 0.0043 857 0 0.23 
7009 Lost Pines 1 Power  55154 0.1219 0.0043 857 0 0.23 
 7807 BASTROP ENERGY 55168 0.3001 0.0047 933 0 0.23 
7808 BASTROP ENERGY 55168 0.3001 0.0047 933 0 0.23 
7809 BASTROP ENERGY 55168 0.3001 0.0047 933 0 0.23 
239 Bosque County 
Peaking 
55172 0.3033 0.0048 943 0 0.23 
247 Bosque County 
Peaking 
55172 0.3033 0.0048 943 0 0.23 
251 Bosque County 
Peaking 
55172 0.3033 0.0048 943 0 0.23 
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253 Bosque County 
Peaking 
55172 0.3033 0.0048 943 0 0.23 
48811 Channelview 
Cogeneration Plant 
55187 0.061 0.0033 648 0 0.23 
48812 Channelview 
Cogeneration Plant 
55187 0.061 0.0033 648 0 0.23 
48813 Channelview 
Cogeneration Plant 
55187 0.061 0.0033 648 0 0.23 
48814 Channelview 
Cogeneration Plant 
55187 0.061 0.0033 648 0 0.23 
48815 Channelview 
Cogeneration Plant 
55187 0.061 0.0033 648 0 0.23 
8560 Corpus Christi Energy 
Center 
55206 0.2967 0.0058 1041 0 0.23 
8561 Corpus Christi Energy 
Center 
55206 0.2967 0.0058 1041 0 0.23 
8562 Corpus Christi Energy 
Center 
55206 0.2967 0.0058 1041 0 0.23 
11020 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
11021 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
11022 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
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11023 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
11024 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
11025 Odessa Ector 
Generating Station 
55215 0.2318 0.0046 915 0 0.23 
12322 Ennis Tractebel Power 
LP 
55223 0.1862 0.004 784 0 0.23 
12323 Ennis Tractebel Power 
LP 
55223 0.1862 0.004 784 0 0.23 
13131 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
13132 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
13133 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
13134 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
13135 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
13136 Freestone Power 
Generation LP 
55226 0.2232 0.0045 882 0 0.23 
580 Jack Energy Facility 55230 2.7996 0.005 988 0 0.23 
249 
 
Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
581 Jack Energy Facility 55230 2.7996 0.005 988 0 0.23 
582 Jack Energy Facility 55230 2.7996 0.005 988 0 0.23 
48591 Channel Energy Center 55299 0.1269 0.009 1045 0 0.23 
48593 Channel Energy Center 55299 0.1269 0.009 1045 0 0.23 
48594 Channel Energy Center 55299 0.1269 0.009 1045 0 0.23 
48511 Air Products Port 
Arthur 
55309 0.4675 0.0286 994 0 0.23 
48512 Air Products Port 
Arthur 
55309 0.4675 0.0286 994 0 0.23 
48513 Air Products Port 
Arthur 
55309 0.4675 0.0286 994 0 0.23 
48514 Air Products Port 
Arthur 
55309 0.4675 0.0286 994 0 0.23 
48520 BASF Freeport Works 55311 0.3661 0.0226 779 0 0.23 
48520 BASF Freeport Works 55311 0.3661 0.0226 779 0 0.23 
8930 Ingleside Cogeneration 55313 0.3427 0.0244 729 0 0.23 
8931 Ingleside Cogeneration 55313 0.3427 0.0244 729 0 0.23 
8932 Ingleside Cogeneration 55313 0.3427 0.0244 729 0 0.23 
1453 Wise County Power LP 55320 0.1356 0.0044 870 0 0.23 
1454 Wise County Power LP 55320 0.1356 0.0044 870 0 0.23 
1455 Wise County Power LP 55320 0.1356 0.0044 870 0 0.23 
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48595 
Baytown Energy 
Center 
55327 0.0851 0.0042 836 0 0.23 
48596 Baytown Energy 
Center 
55327 0.0851 0.0042 836 0 0.23 
48597 Baytown Energy 
Center 
55327 0.0851 0.0042 836 0 0.23 
48598 Baytown Energy 
Center 
55327 0.0851 0.0042 836 0 0.23 
48521 Brazos Valley 
Generating Facility 
55357 0.101 0.0044 864 0 0.23 
48522 Brazos Valley 
Generating Facility 
55357 0.101 0.0044 864 0 0.23 
48523 Brazos Valley 
Generating Facility 
55357 0.101 0.0044 864 0 0.23 
6016 SOUTHWEST MESA 
GEN 
55367 0 0 0 0 0 
7038 TEXAS WIND 
POWER PLANT 
55399 0 0 0 0 0 
7038 TEXAS WIND 
POWER PLANT 
55399 0 0 0 0 0 
48641 Deer Park Energy 
Center 
55464 0.0762 0.0058 1140 0 0.23 
48642 Deer Park Energy 
Center 
55464 0.0762 0.0058 1140 0 0.23 
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lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
48643 Deer Park Energy 
Center 
55464 0.0762 0.0058 1140 0 0.23 
48644 Deer Park Energy 
Center 
55464 0.0762 0.0058 1140 0 0.23 
48645 Deer Park Energy 
Center 
55464 0.0762 0.0058 1140 0 0.23 
38580 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38590 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38600 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38611 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38612 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38613 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38614 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38615 Green Power 2 55470 0.0915 0.0424 1318 0 0 
38690 Green Power 2 55470 0.0915 0.0424 1318 0 0 
12411 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12412 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12413 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12414 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12421 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
12422 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12423 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
12424 Forney Energy Center 55480 0.2982 0.0046 905 0 0.23 
11691 KIAMICHI CT #1 55501 0 0 0 0 0.23 
11692 KIAMICHI CT #2 55501 0 0 0 0 0.23 
11693 KIAMICHI ST #3 55501 0 0 0 0 0.23 
11694 KIAMICHI CT #4 55501 0 0 0 0 0.23 
11695 KIAMICHI CT #5 55501 0 0 0 0 0.23 
11696 KIAMICHI ST #6 55501 0 0 0 0 0.23 
8981 Hidalgo Energy Center 55545 0.2803 0.0043 861 0 0.23 
8982 Hidalgo Energy Center 55545 0.2803 0.0043 861 0 0.23 
8983 Hidalgo Energy Center 55545 0.2803 0.0043 861 0 0.23 
60003 King Mountain Wind 
Ranch 1 
55581 0 0 0 0 0 
60005 King Mountain Wind 
Ranch 1 
55581 0 0 0 0 0 
60007 King Mountain Wind 
Ranch 1 
55581 0 0 0 0 0 
60019 King Mountain Wind 
Ranch 1 
55581 0 0 0 0 0 
1350 NWP Indian Mesa  55747 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
38332 Woodward Mountain 
II 
55795 0 0 0 0 0 
60016 Woodward Mountain I 55796 0 0 0 0 0 
1343 Trent Wind Farm, L.P. 55968 0 0 0 0 0 
60000 Desert Sky 55992 0 0 0 0 0 
60018 Desert Sky 55992 0 0 0 0 0 
49885 Freeport Energy 
Center 
56152 0 0 0 0 0 
49886 Freeport Energy 
Center 
56152 0 0 0 0 0 
71054 SWEETWATER 56211 0 0 0 0 0 
71057 SWEETWATER 56212 0 0 0 0 0 
1069 EG178 Facility 56233 0.4132 0.0274 879 0 0.23 
1070 EG178 Facility 56233 0.4132 0.0274 879 0 0.23 
1071 EG178 Facility 56233 0.4132 0.0274 879 0 0.23 
60058 BUFFALO GAP 
GENERATOR 
56240 0 0 0 0 0 
60057 CALLAHAN DIVIDE 
1 34.5 KV (FPLE) 
56270 0 0 0 0 0 
60066 HORSE HOLLOW 
GENERATOR #1 
56291 0 0 0 0 0 
60068 HORSE HOLLOW 56291 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
GENERATOR #2 
60070 HORSE HOLLOW 
GENERATOR #3 
56291 0 0 0 0 0 
71059 SWEETWATER 56311 0 0 0 0 0 
71060 SWEETWATER 56337 0 0 0 0 0 
11013 NAVASOTA CT #5 56349 0 0 0 0 0 
11014 NAVASOTA STEAM 
#6 
56349 0 0 0 0 0 
11001 NAVASOTA CT #1 56350 0 0 0 0 0 
11009 NAVASOTA CT #2 56350 0 0 0 0 0 
11011 NAVASOTA STEAM 
#3 
56350 0 0 0 0 0 
11012 NAVASOTA CT #4 56350 0 0 0 0 0 
1437 MESQUITE WIND 
GENERATOR 
56395 0 0 0 0 0 
1438 MESQUITE WIND 
GENERATOR 
56395 0 0 0 0 0 
36998 RED CANYON 56457 0 0 0 0 0 
 60060 CIRELLO 
GENERATOR 
56484 0 0 0 0 0 
1058 LONGSHORE 56506 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
 
1057 
 
CHAMPION WIND 
 
56592 
 
0 
 
0 
 
0 
 
0 
 
0 
1049 ROSCOE WIND 56593 0 0 0 0 0 
6637 SNYDER WIND 
FARM 
56602 0 0 0 0 0 
60063 BUFFALO GAP 3 
GENERATOR 
56638 0 0 0 0 0 
60081 WHIRLWIND 
GENERATOR 
56673 0 0 0 0 0 
1643 SILVERSTAR1 
POWER PARTNER 
GEN 
56771 0 0 0 0 0 
1328 OCOTILLO WIND 
GEN 
56959 0 0 0 0 0 
1061 CIELO WIND 
GENERATOR#1 
- 0 0 0 0 0 
1062 CIELO WIND 
GENERATOR#2 
- 0 0 0 0 0 
1068 SCURRY COUNTY 
WIND GENERATOR 
- 0 0 0 0 0 
1170 Airtricity - 0 0 0 0 0 
1326 STANTONW - 0 0 0 0 0 
1333 MCDONALD RD  - 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
1349 WESTXWIN - 0 0 0 0 0 
1354 AEP WIND ENERGY - 0 0 0 0 0 
1600 BARTON WIND 
GENERATION 
- 0 0 0 0 0 
2371 COLLIN UNIT-1 - 0 0 0 0 0 
3348 CHAMPION PAPER 
MILL SELF GEN. 
- 0 0 0 0 0 
6096 NORTH HVDC - 0 0 0 0 0 
7035 WIRTZ UNIT 1 - 0 0 0 0 0 
7036 WIRTZ UNIT 2 - 0 0 0 0 0 
7487 CANYON DAM - 0 0 0 0 0 
7605 L_MCQUEE - 0 0 0 0 0 
7605 L_MCQUEE - 0 0 0 0 0 
7605 L_MCQUEE - 0 0 0 0 0 
7609 SCHUMANSVILLE - 0 0 0 0 0 
7624 LAKEWOOD - 0 0 0 0 0 
7624 LAKEWOOD - 0 0 0 0 0 
8189 CUERO - 0 0 0 0 0 
60017 ORION PECOS 
COUNTY 
- 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
60052 Wild Horse - 0 0 0 0 0 
60072 HORSE HOLLOW 
GENERATOR #4 
- 0 0 0 0 0 
60202 FRIEND RANCH 
DRCS 
- 0 0 0 0 0 
76031 GASCONADES 
CREEK 
- 0 0 0 0 0 
76091 DIVIDE - 0 0 0 0 0 
80003 MILITARY 
HIGHWAY 
- 0 0 0 0 0 
80010 EAGLE PASS 
HVDC TCC 
TERMINAL 
- 0 0 0 0 0 
80223 REYNOLDS 
SHERWIN 
- 0 0 0 0 0 
86105 CINIDUS - 0 0 0 0 0 
88198 BEEVILLE - 0 0 0 0 0 
88253 HAMILTON ROAD 
DRCS 
- 0 0 0 0 0 
88299 ZAPATA DRCS - 0 0 0 0 0 
88508 FALFURRIAS 
DRCS 
- 0 0 0 0 0 
1045 CAL ENER. UNIT-1 0 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
1046 CAL ENERGY 
UNIT-2 
0 0 0 0 0 0 
 1047 CAL ENERGY 
UNIT-3 
0 0 0 0 0 0 
8139 ENNIS S. JOSLIN 
GEN UNIT #1 
0 0 0 0 0 0 
8456 COASTAL WEST 
GEN UNIT #1 
0 0 0 0 0 0 
8457 COASTAL WEST 
GEN UNIT #2 
0 0 0 0 0 0 
32798 TEXAS A&M 
GENERATOR 
0 0 0 0 0 0 
48731 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
48732 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
48733 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
48734 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
48735 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
48736 COLORADO BEND 
ENERGY 
0 0 0 0 0 0 
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Table A -1 (contd.) 
PW 
Bus # 
Plant Name DoE 
ORISPL 
NOx 
lb/MWh 
SOx 
lb/MWh 
CO2 
lb/MWh 
Hg 
lb/GWh 
Water 
Gal/KWh 
48845 SOLVAY 
POLYMERS 
GENERATOR 
0 0 0 0 0 0 
48911 TEXASGULF 
COGEN 
0 0 0 0 0 0 
71051 BITTER CREEK 0 0 0 0 0 0 
88241 SLURR 0 0 0 0 0 0 
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Appendix B: eGRID 2005 vs. eGRID 2007 
Shown below are Tables and Figures from Chapter 3, based on analyses using 
2005 eGRID data, along with Tables and Figures based on analyses using recently 
released 2007 eGRID data. Comparison of the Tables and Figures shows that the 
percentage changes in emissions and water use, predicted using the two databases, are 
similar at various NOx pricing levels.  However, as shown in Figures B-1 and B-2, the 
2007 data set has a number of very high and very low NOx (negative) emissions levels.  
There are also a number of facilities that have very high reported SOx emissions in the 
2007 data set.   
Based on these analyses, it is concluded that the findings reported in chapter 3 are 
robust.  Similar responses (percentage emission reductions) are predicted when the 
analyses are conducted using 2005 and 2007 eGRID data.  In chapter 3, the 2007 
analyses were not reported because some of the unusual emissions rates require detailed 
analysis.   
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Table B- 1: NOx and SO2 emissions reductions in tons/day for each price scenario 
relative to the base case. Based on 2005 data. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions   
(tons/day) 
% of 
Reduction 
in SO2 
emissions 
0 396.0 0 0 248.1 0 0 
2,000 308.5 87.5 -22.1 187.2 60.9 -24.5 
10,000 218.1 177.9 -44.9 109.2 138.8 -56.0 
25,000 196.7 199.3 -50.3 83.6 164.4 -66.3 
50,000 194.2 201.8 -50.9 72.2 175.9 -70.9 
 
Table B- 2: NOx and SO2 emissions reductions in tons/day for each price scenario 
relative to the base case. Based on 2007 data. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
0 318.8 0 0 524.6 0 0 
2,000 256.9 62 -19.0 413.5 111 -21.0 
10,000 188.3 130.5 -40.9 256.7 267.9 -51.1 
25,000 169.4 149.5 -46.9 185.7 338.8 -64.6 
50,000 164.7 154.1 -48.3 163.3 361.3 -68.9 
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Table B- 3: CO2 and Hg emission reductions in tons/day for each scenario relative to the 
base case. Based on 2005 data. 
NOx 
Price 
($/ton) 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day 
% of 
Reduction 
in CO2 
emissions 
Hg emissions  
(lb/day) 
Reductions 
in Hg 
emissions   
(lb/day) 
% of 
Reduction 
in Hg 
emissions 
0 633,913 0 0 20.7 0 0 
2,000 578,297 55,616 -8.8 17.3 3.4 -16.5 
10,000 515,982 117,931 -18.6 8 12.7 -61.3 
25,000 499,522 134,391 -21.2 4.8 15.9 -77 
50,000 495,034 138,879 -21.9 3.8 16.9 -81.8 
 
Table B- 4: CO2 and Hg emission reductions in tons/day for each scenario relative to the 
base case. Based on 2007 data. 
NOx 
Price 
($/ton) 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day 
% of 
Reduction 
in CO2 
emissions 
Hg 
emissions  
(lb/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
0 585,160 0 0 14.9 0.0 0 
2,000 541,030 44,130 -8.0 10.7 4.2 -28.0 
10,000 496,373 88,787 -15.2 5.2 9.7 -65.1 
25,000 482,450 102,710 -17.6 3.3 11.5 -77.6 
50,000 479,736 105,425 -18.0 2.8 12.1 -81.0 
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Table B- 5: The amount of coal generation (MWh) that shifts to natural gas generation in 
each scenario Based on 2005 data. 
NOx price 
($/ton) 
% of 
generation by 
coal fired 
EGUs 
Total amount of 
generation (MWh) 
shifted from coal to 
NG 
% of coal generation 
(MWh) shifted (% of 
total generation) 
0 28.5 0 0 
2,000 22.5 64900 5.9 
10,000 11.8 182000 16.6 
25,000 8.1 223000 20.4 
50,000 6.6 239000 21.9 
 
 
Table B- 6: The amount of coal generation (MWh) that shifts to natural gas generation in 
each scenario Based on 2007 data. 
NOx price 
($/ton) 
% of 
generation 
by coal fired 
EGUs 
Total amount of 
generation (MWh) 
shifted from coal to 
NG 
% of coal generation 
(MWh) shifted (% of 
total generation) 
0 23.3 0 0.0 
2,000 17.5 61479 5.7 
10,000 9.6 146202 13.6 
25,000 6.6 178039 16.6 
50,000 5.7 187995 17.5 
  
264 
 
Table B- 7: Percentage reductions in water consumption for alternative redispatching 
scenarios relative to the base case. Based on 2005 data. 
NOx price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
0 1433 0.0 0 0 
2,000 1370 -4.4 63 120,000 
10,000 1315 -8.3 118 220,000 
25,000 1311 -8.6 123 230,000 
50,000 1308 -8.7 125 240,000 
 
Table B- 8: Percentage reductions in water consumption for alternative redispatching 
scenarios relative to the base case. Based on 2007 data. 
NOx price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
0 1391 0.00 0 0 
2,000 1349 -3.0 42 80,000 
10,000 1278 -8.1 113 214,000 
25,000 1255 -9.8 137 258,000 
50,000 1246 -10.4 145 274,000 
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Table B- 9: The cost of electricity generation for each scenario relative to the base case.  
Based on 2005 data. 
 Cost of NOx emissions  
(tons emitted * cost per ton) 
NOx price 
($/ton) 
Emission pricing   
(Added $/ton of NOx reduced) 
Emissions pricing cost per MW-hr  
($/MW-hr) 
0 0 0 
2,000 7,060 0.56 
10,000 12,260 1.99 
25,000 24,670 4.49 
50,000 48,120 8.87 
 
Table B- 10: The cost of electricity generation for each scenario relative to the base case 
Based on 2007 data. 
 Cost of NOx emissions  
(tons emitted * cost per ton) 
NOx price 
($/ton) 
Emission pricing   
(Added $/ton of NOx reduced) 
Emissions pricing cost per MW-hr  
($/MW-hr) 
0 0 0.00 
2,000 8,290 0.47 
10,000 14,427 1.72 
25,000 28,330 3.87 
50,000 53,454 7.52 
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Figure B- 1: A comparison of NOx and CO2 emission rates for EGUs in Texas shows that 
there are some power plants that have relatively low emissions for both species, and there 
are some power plants that have relatively high emissions for both species. Based on 
2005 data. 
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Figure B- 2: A comparison of NOx and CO2 emission rates for EGUs in Texas shows that 
there are some power plants that have relatively low emissions for both species, and there 
are some power plants that have relatively high emissions for both species. Based on 
2007 data. 
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Figure B- 3: NOx, SO2, CO2 and Hg emissions decrease as NOx prices increase. Based 
on 2005 data. 
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Figure B- 4: NOx, SO2, CO2 and Hg emissions decrease as NOx prices increase. Based 
on 2007 data. 
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Figure B- 5: Percentage change in NOx emissions for coal and natural gas generators. 
Natural gas emissions initially decrease due to reductions in generation from a small 
number of gas plants with high NOx emissions, but then increase as generation shifts 
from coal to natural gas. Based on 2005 data. 
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Figure B- 6: Percentage change in NOx emissions for coal and natural gas generators. 
Natural gas emissions increase as generation shifts from coal to natural gas. Based on 
2007 data. 
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Figure B- 7: Changes in generation patterns as NOx price increases.  Positive changes 
indicate that generation increases relative to the base case (zero price for NOx) and 
negative changes indicate that generation decreases.  Top panel (a.) is for $2,000 per ton; 
b.), c.) and d.) represent $10,000, $25,000 and $50,000 per ton respectively.  Results 
indicate that generation generally shifts from moderate (~1-3 lb/MWh) emission coal 
plants to low (<1 lb/MWh) emission gas plants, although some high emission plants 
remain relatively unchanged even at high NOx prices. Based on 2005 data. 
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Figure B- 8: Figure B-4b: Changes in generation patterns as NOx price increases.  
Positive changes indicate that generation increases relative to the base case (zero price for 
NOx) and negative changes indicate that generation decreases.  Top panel (a.) is for 
$2,000 per ton; b.), c.) and d.) represent $10,000, $25,000 and $50,000 per ton 
respectively.  Results indicate that generation generally shifts from moderate (~1-3 
lb/MWh) emission coal plants to low (<1 lb/MWh) emission gas plants, although some 
high emission plants remain relatively unchanged even at high NOx prices. Based on 
2007 data. 
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Appendix C: The Sensitivity of NOx and CO2 Pricing Policies to 
Electricity Demand 
Day: 25-Oct-08              Load: 675,321 (MWh) 
Table C- 1: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 225.7 0.0 0.0 367,787 0 0.0 
2,000 143.4 82.3 36.5 303,029 64,758 17.6 
10,000 84.3 141.4 62.6 248,122 119,665 32.5 
25,000 78.1 147.6 65.4 243,377 124,409 33.8 
50,000 75.1 150.5 66.7 242,339 125,447 34.1 
 
Tier 2: CO2 price = $10/ton 
0 99.6 126.0 55.9 234,622 133,164 36.2 
2,000 90.0 135.6 60.1 233,207 134,580 36.6 
10,000 84.6 141.1 62.5 232,834 134,953 36.7 
25,000 79.7 145.9 64.7 234,482 133,305 36.2 
50,000 78.7 146.9 65.1 238,028 129,758 35.3 
 
Tier 3: CO2 price = $25/ton 
0 98.2 127.5 56.5 234,388 133,399 36.3 
2,000 93.9 131.8 58.4 234,138 133,648 36.3 
10,000 90.4 135.2 59.9 233,826 133,960 36.4 
25,000 87.4 138.3 61.3 234,547 133,240 36.2 
50,000 85.7 139.9 62.0 237,153 130,634 35.5 
 
Tier 4: CO2 price = $50/ton 
0 107.5 118.2 52.4 236,578 131,209 35.7 
2,000 104.3 121.4 53.8 236,369 131,418 35.7 
10,000 101.0 124.7 55.2 235,963 131,823 35.8 
25,000 97.6 128.1 56.8 235,879 131,907 35.9 
50,000 93.6 132.0 58.5 236,501 131,286 35.7 
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Table C- 2: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 159.6 0.0 0.0 13.2 0.0 0.0 
2,000 97.2 62.4 39.1 7.1 6.1 46.1 
10,000 38.3 121.3 76.0 1.3 11.9 89.9 
25,000 37.9 121.7 76.3 0.9 12.3 92.9 
50,000 37.6 122.0 76.4 0.7 12.6 94.7 
 
Tier 2: CO2 price = $10/ton 
0 39.2 120.5 75.5 0.6 12.7 95.6 
2,000 38.0 121.6 76.2 0.6 12.7 95.6 
10,000 37.8 121.8 76.3 0.6 12.7 95.6 
25,000 37.7 121.9 76.4 0.6 12.7 95.6 
50,000 37.7 121.9 76.4 0.6 12.7 95.6 
 
Tier 3: CO2 price = $25/ton 
0 38.2 121.5 76.1 0.6 12.7 95.6 
2,000 38.1 121.5 76.1 0.6 12.7 95.6 
10,000 38.0 121.6 76.2 0.6 12.7 95.6 
25,000 37.8 121.8 76.3 0.6 12.7 95.6 
50,000 37.7 121.9 76.4 0.6 12.7 95.6 
 
Tier 4: CO2 price = $50/ton 
0 38.2 121.4 76.1 0.6 12.7 95.6 
2,000 38.1 121.5 76.1 0.6 12.7 95.6 
10,000 38.1 121.6 76.2 0.6 12.7 95.6 
25,000 37.9 121.7 76.2 0.6 12.7 95.6 
50,000 37.8 121.8 76.3 0.6 12.7 95.6 
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Table C- 3: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 871 0.0 0 0 
2,000 796 -8.6 75 142,007 
10,000 708 -18.7 163 307,817 
25,000 691 -20.6 179 338,640 
50,000 692 -20.6 179 337,831 
 
Tier 2: CO2 price = $10/ton 
0 705 -19.1 166 313,675 
2,000 697 -20.0 174 328,821 
10,000 689 -20.8 181 342,306 
25,000 679 -22.0 192 362,206 
50,000 681 -21.8 190 357,713 
 
Tier 3: CO2 price = $25/ton 
0 699 -19.7 172 324,490 
2,000 698 -19.9 173 326,283 
10,000 695 -20.2 176 332,595 
25,000 686 -21.3 185 349,426 
50,000 680 -21.9 191 359,707 
 
Tier 4: CO2 price = $50/ton 
0 703 -19.2 167 315,933 
2,000 703 -19.3 168 317,483 
10,000 700 -19.6 171 321,896 
25,000 694 -20.3 176 332,722 
50,000 685 -21.3 186 350,396 
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Day: 4-May-08      Load: 703,891 (MWh) 
Table C- 4: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 237.3 0.0 0.0 387,745 0 0.0 
2,000 153.2 84.1 35.4 322,594 65,151 16.8 
10,000 90.4 146.9 61.9 265,409 122,336 31.6 
25,000 84.5 152.8 64.4 261,525 126,220 32.6 
50,000 81.6 155.7 65.6 260,074 127,671 32.9 
 
Tier 2: CO2 price = $10/ton 
0 107.5 129.8 54.7 250,711 137,034 35.3 
2,000 96.5 140.8 59.3 250,028 137,717 35.5 
10,000 90.7 146.6 61.8 249,150 138,596 35.7 
25,000 86.4 150.9 63.6 250,767 136,978 35.3 
50,000 85.3 152.0 64.1 254,437 133,308 34.4 
 
Tier 3: CO2 price = $25/ton 
0 106.8 130.4 55.0 250,237 137,508 35.5 
2,000 
101.2 136.1 57.4 249,963 137,782 35.5 
10,000 96.4 140.9 59.4 249,698 138,048 35.6 
25,000 91.7 145.6 61.4 243,474 144,271 37.2 
50,000 92.6 144.7 61.0 253,119 134,626 34.7 
 
Tier 4: CO2 price = $50/ton 
0 114.8 122.5 51.6 251,992 135,753 35.0 
2,000 111.1 126.2 53.2 251,746 135,999 35.1 
10,000 106.2 131.1 55.2 251,487 136,258 35.1 
25,000 103.3 134.0 56.5 251,586 136,159 35.1 
50,000 99.6 137.7 58.0 252,481 135,265 34.9 
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Table C- 5: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 163.1 0.0 0.0 13.8 0.0 0.0 
2,000 102.3 60.8 37.3 7.5 6.3 45.4 
10,000 38.6 124.5 76.3 1.4 12.4 89.6 
25,000 38.2 124.9 76.6 1.1 12.7 92.3 
50,000 37.9 125.2 76.8 0.7 13.1 94.6 
 
Tier 2: CO2 price = $10/ton 
0 39.3 123.8 75.9 0.6 13.2 95.6 
2,000 38.3 124.8 76.5 0.6 13.2 95.4 
10,000 38.1 125.1 76.7 0.6 13.2 95.7 
25,000 37.9 125.2 76.7 0.6 13.2 95.8 
50,000 37.9 125.2 76.8 0.6 13.2 95.8 
 
Tier 3: CO2 price = $25/ton 
0 38.3 124.8 76.5 0.6 13.2 95.8 
2,000 38.3 124.8 76.5 0.6 13.2 95.8 
10,000 38.2 124.9 76.6 0.6 13.2 95.8 
25,000 38.0 125.1 76.7 0.6 13.2 95.8 
50,000 37.9 125.2 76.7 0.6 13.2 95.8 
 
Tier 4: CO2 price = $50/ton 
0 38.3 124.8 76.5 0.6 13.2 95.8 
2,000 38.3 124.8 76.5 0.6 13.2 95.8 
10,000 38.2 124.9 76.6 0.6 13.2 95.8 
25,000 38.1 125.0 76.6 0.6 13.2 95.8 
50,000 38.0 125.1 76.7 0.6 13.2 95.8 
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Table C- 6: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 919 0.0 0 0 
2,000 846 -8.0 73 138,019 
10,000 753 -18.1 167 314,202 
25,000 738 -19.8 182 342,873 
50,000 734 -20.2 185 349,842 
 
Tier 2: CO2 price = $10/ton 
0 742 -19.2 177 333,919 
2,000 736 -20.0 184 347,074 
10,000 730 -20.6 189 357,169 
25,000 725 -21.1 194 366,633 
50,000 725 -21.2 195 367,569 
 
Tier 3: CO2 price = $25/ton 
0 735 -20.1 185 348,212 
2,000 734 -20.2 186 350,632 
10,000 731 -20.4 188 354,749 
25,000 713 -22.5 207 390,288 
50,000 725 -21.2 195 367,831 
 
Tier 4: CO2 price = $50/ton 
0 739 -19.7 181 341,045 
2,000 739 -19.7 181 341,360 
10,000 736 -19.9 183 345,528 
25,000 734 -20.2 186 350,458 
50,000 729 -20.7 190 358,618 
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Day: 2-Oct-08      Load: 826,136 (MWh) 
Table C- 7: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 275.1 0.0 0.0 455,515 0 0.0 
2,000 191.3 83.8 30.5 395,621 59,894 13.1 
10,000 117.4 157.7 57.3 333,652 121,863 26.8 
25,000 109.1 166.0 60.3 327,722 127,793 28.1 
50,000 107.3 167.8 61.0 326,323 129,192 28.4 
 
Tier 2: CO2 price = $10/ton 
0 150.9 124.2 45.1 320,298 135,217 29.7 
2,000 134.9 140.2 51.0 316,355 139,160 30.6 
10,000 118.2 156.9 57.0 314,447 141,068 31.0 
25,000 113.3 161.8 58.8 316,146 139,369 30.6 
50,000 112.3 162.8 59.2 319,302 136,213 29.9 
 
Tier 3: CO2 price = $25/ton 
0 147.0 128.1 46.6 311,823 143,692 31.5 
2,000 139.8 135.3 49.2 311,175 144,340 31.7 
10,000 126.6 148.5 54.0 311,647 143,868 31.6 
25,000 121.9 153.2 55.7 313,139 142,376 31.3 
50,000 119.0 156.1 56.8 315,942 139,572 30.6 
 
Tier 4: CO2 price = $50/ton 
0 152.8 122.3 44.5 312,910 142,605 31.3 
2,000 148.0 127.1 46.2 312,451 143,064 31.4 
10,000 137.8 137.3 49.9 312,102 143,412 31.5 
25,000 130.0 145.1 52.7 312,474 143,041 31.4 
50,000 124.9 150.2 54.6 313,762 141,752 31.1 
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Table C- 8: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 187.5 0.0 0.0 15.3 0.0 0.0 
2,000 125.0 62.5 33.3 9.4 5.9 38.4 
10,000 50.9 136.5 72.8 2.3 13.1 85.3 
25,000 39.2 148.3 79.1 1.5 13.9 90.4 
50,000 38.9 148.6 79.3 1.2 14.2 92.4 
 
Tier 2: CO2 price = $10/ton 
0 57.1 130.4 69.5 1.7 13.6 88.9 
2,000 52.8 134.7 71.8 1.3 14.1 91.6 
10,000 42.0 145.4 77.6 0.9 14.4 93.9 
25,000 38.8 148.6 79.3 0.9 14.5 94.3 
50,000 38.7 148.7 79.3 0.9 14.5 94.4 
 
Tier 3: CO2 price = $25/ton 
0 39.8 147.7 78.8 0.6 14.8 96.2 
2,000 39.5 147.9 78.9 0.6 14.8 96.2 
10,000 38.8 148.7 79.3 0.6 14.7 95.8 
25,000 38.8 148.7 79.3 0.7 14.6 95.5 
50,000 38.7 148.8 79.4 0.7 14.6 95.2 
 
Tier 4: CO2 price = $50/ton 
0 39.4 148.1 79.0 0.6 14.8 96.2 
2,000 39.2 148.3 79.1 0.6 14.8 96.2 
10,000 38.8 148.7 79.3 0.6 14.8 96.2 
25,000 38.7 148.8 79.4 0.6 14.7 96.1 
50,000 38.7 148.8 79.4 0.6 14.7 95.8 
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Table C- 9: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 1077 0.0 0 0 
2,000 1004 -6.8 74 139,182 
10,000 915 -15.1 162 306,060 
25,000 900 -16.5 178 335,342 
50,000 899 -16.6 178 336,697 
 
Tier 2: CO2 price = $10/ton 
0 914 -15.2 163 308,338 
2,000 902 -16.3 175 330,702 
10,000 883 -18.0 194 366,134 
25,000 879 -18.4 198 374,035 
50,000 884 -17.9 193 364,788 
 
Tier 3: CO2 price = $25/ton 
0 894 -17.1 184 347,075 
2,000 888 -17.6 190 357,584 
10,000 880 -18.4 198 373,304 
25,000 877 -18.6 201 378,307 
50,000 878 -18.5 199 376,017 
 
Tier 4: CO2 price = $50/ton 
0 893 -17.2 185 348,769 
2,000 890 -17.4 188 354,365 
10,000 883 -18.0 194 366,479 
25,000 879 -18.4 199 374,720 
50,000 877 -18.6 200 377,966 
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Day: 4-Sep-08    Load: 970,283 (MWh) 
Table C- 10: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage 
of reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 323.9 0.0 0.0 540,125 0 0.0 
2,000 241.1 82.7 25.5 482,812 57,314 10.6 
10,000 160.5 163.4 50.4 423,510 116,616 21.6 
25,000 144.2 179.7 55.5 411,564 128,561 23.8 
50,000 142.5 181.3 56.0 409,988 130,137 24.1 
 
Tier 2: CO2 price = $10/ton 
0 209.4 114.5 35.3 405,966 134,159 24.8 
2,000 190.5 133.4 41.2 402,984 137,142 25.4 
10,000 162.3 161.5 49.9 400,598 139,527 25.8 
25,000 151.3 172.6 53.3 399,751 140,374 26.0 
50,000 148.3 175.5 54.2 401,985 138,140 25.6 
 
Tier 3: CO2 price = $25/ton 
0 204.0 119.9 37.0 390,090 150,035 27.8 
2,000 194.3 129.6 40.0 389,740 150,385 27.8 
10,000 175.8 148.1 45.7 391,603 148,522 27.5 
25,000 162.2 161.6 49.9 394,906 145,219 26.9 
50,000 155.8 168.1 51.9 397,863 142,262 26.3 
 
Tier 4: CO2 price = $50/ton 
0 209.0 114.9 35.5 388,598 151,527 28.1 
2,000 203.3 120.5 37.2 388,441 151,684 28.1 
10,000 188.6 135.2 41.8 389,017 151,108 28.0 
25,000 173.6 150.3 46.4 391,551 148,574 27.5 
50,000 162.9 160.9 49.7 394,298 145,827 27.0 
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Table C- 11: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 219.9 0.0 0.0 17.8 0.0 0.0 
2,000 153.4 66.5 30.2 11.9 5.9 33.4 
10,000 77.0 142.9 65.0 4.3 13.5 75.8 
25,000 53.3 166.6 75.8 2.4 15.4 86.4 
50,000 45.3 174.6 79.4 2.0 15.8 88.9 
 
Tier 2: CO2 price = $10/ton 
0 76.3 143.6 65.3 3.2 14.6 82.1 
2,000 71.5 148.4 67.5 2.9 14.9 83.7 
10,000 59.4 160.5 73.0 2.1 15.7 88.3 
25,000 50.0 169.9 77.2 1.6 16.2 90.8 
50,000 44.6 175.3 79.7 1.5 16.3 91.3 
 
Tier 3: CO2 price = $25/ton 
0 51.9 168.0 76.4 0.9 16.9 94.8 
2,000 50.2 169.7 77.2 0.9 16.9 94.9 
10,000 48.5 171.4 77.9 1.0 16.8 94.3 
25,000 46.8 173.1 78.7 1.2 16.6 93.3 
50,000 44.5 175.4 79.7 1.3 16.5 92.7 
 
Tier 4: CO2 price = $50/ton 
0 42.9 177.0 80.5 0.6 17.2 96.6 
2,000 42.4 177.5 80.7 0.6 17.2 96.6 
10,000 41.8 178.1 81.0 0.7 17.1 96.2 
25,000 42.3 177.6 80.8 0.8 17.0 95.3 
50,000 42.2 177.7 80.8 1.0 16.8 94.4 
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Table C- 12: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 1255 0.0 0 0 
2,000 1192 -5.0 63 118,534 
10,000 1113 -11.3 141 266,833 
25,000 1100 -12.3 154 291,356 
50,000 1097 -12.5 157 296,952 
 
Tier 2: CO2 price = $10/ton 
0 1115 -11.1 140 263,709 
2,000 1101 -12.2 153 289,257 
10,000 1087 -13.4 168 316,573 
25,000 1082 -13.8 173 325,704 
50,000 1083 -13.7 171 323,276 
 
Tier 3: CO2 price = $25/ton 
0 1103 -12.1 152 286,835 
2,000 1093 -12.9 162 305,526 
10,000 1082 -13.8 173 326,027 
25,000 1078 -14.1 177 334,037 
50,000 1077 -14.2 178 336,077 
 
Tier 4: CO2 price = $50/ton 
0 1098 -12.5 157 296,446 
2,000 1092 -13.0 163 307,297 
10,000 1081 -13.8 174 327,408 
25,000 1077 -14.2 178 335,174 
50,000 1075 -14.3 180 339,009 
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Day: 20-May-08    Load: 1,004,196 (MWh) 
Table C- 13: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage 
of reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 338.6 0.0 0.0 563,366 0 0.0 
2,000 257.9 80.7 23.8 508,796 54,570 9.7 
10,000 177.6 161.0 47.5 451,988 111,379 19.8 
25,000 160.3 178.3 52.7 438,717 124,649 22.1 
50,000 158.1 180.5 53.3 435,611 127,756 22.7 
 
Tier 2: CO2 price = $10/ton 
0 230.9 107.7 31.8 432,858 130,509 23.2 
2,000 210.9 127.7 37.7 429,844 133,522 23.7 
10,000 181.3 157.3 46.5 427,780 135,586 24.1 
25,000 167.1 171.6 50.7 426,306 137,060 24.3 
50,000 163.1 175.6 51.8 427,903 135,463 24.0 
 
Tier 3: CO2 price = $25/ton 
0 225.3 113.3 33.5 415,335 148,032 26.3 
2,000 215.8 122.8 36.3 414,948 148,418 26.3 
10,000 194.9 143.7 42.4 416,625 146,742 26.0 
25,000 178.8 159.8 47.2 420,544 142,822 25.4 
50,000 171.2 167.4 49.4 423,350 140,017 24.9 
 
Tier 4: CO2 price = $50/ton 
0 230.3 108.4 32.0 412,746 150,620 26.7 
2,000 223.8 114.9 33.9 412,658 150,708 26.8 
10,000 208.9 129.8 38.3 413,413 149,953 26.6 
25,000 192.1 146.6 43.3 416,327 147,039 26.1 
50,000 179.8 158.9 46.9 419,293 144,073 25.6 
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Table C- 14: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 230.9 0.0 0.0 18.3 0.0 0.0 
2,000 165.5 65.4 28.3 12.6 5.6 30.9 
10,000 89.7 141.1 61.1 5.2 13.1 71.4 
25,000 62.8 168.0 72.8 3.1 15.2 83.2 
50,000 54.0 176.9 76.6 2.4 15.9 86.9 
 
Tier 2: CO2 price = $10/ton 
0 88.2 142.7 61.8 3.8 14.5 79.1 
2,000 81.2 149.7 64.8 3.5 14.8 80.9 
10,000 68.0 162.9 70.5 2.7 15.5 85.1 
25,000 56.8 174.0 75.4 2.0 16.2 88.8 
50,000 50.7 180.1 78.0 1.9 16.3 89.4 
 
Tier 3: CO2 price = $25/ton 
0 58.4 172.5 74.7 1.2 17.0 93.2 
2,000 57.1 173.7 75.3 1.2 17.1 93.5 
10,000 53.4 177.5 76.9 1.3 17.0 93.0 
25,000 52.3 178.6 77.4 1.5 16.8 91.8 
50,000 50.4 180.4 78.2 1.6 16.7 91.3 
 
Tier 4: CO2 price = $50/ton 
0 47.6 183.3 79.4 0.7 17.6 96.0 
2,000 47.8 183.1 79.3 0.8 17.5 95.8 
10,000 47.4 183.4 79.5 0.9 17.4 95.3 
25,000 48.4 182.5 79.0 1.1 17.2 94.2 
50,000 47.0 183.9 79.6 1.2 17.0 93.3 
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Table C- 15: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 1304 0.0 0 0 
2,000 1245 -4.5 59 111,694 
10,000 1171 -10.2 133 250,529 
25,000 1159 -11.1 145 273,969 
50,000 1156 -11.4 148 279,260 
 
Tier 2: CO2 price = $10/ton 
0 1177 -9.7 127 238,763 
2,000 1160 -11.0 143 270,339 
10,000 1150 -11.8 153 289,441 
25,000 1143 -12.4 161 303,826 
50,000 1142 -12.4 162 306,033 
 
Tier 3: CO2 price = $25/ton 
0 1169 -10.3 135 253,990 
2,000 1159 -11.1 145 273,209 
10,000 1145 -12.2 159 300,146 
25,000 1139 -12.6 165 310,534 
50,000 1137 -12.8 167 315,327 
 
Tier 4: CO2 price = $50/ton 
0 1168 -10.4 136 256,553 
2,000 1160 -11.0 143 270,526 
10,000 1147 -12.0 157 295,742 
25,000 1138 -12.7 165 312,196 
50,000 1134 -13.0 169 319,538 
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Day: 4-Aug-08     Load: 1,147,394 (MWh) 
Table C- 16: Daily NOx and CO2 emissions rates in tons/day, reductions and percentage 
of reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
price 
($/ton) 
NOx 
emissions  
(tons/day) 
Reductions 
in NOx 
emissions  
(tons/day) 
% of 
Reduction 
in NOx 
emissions 
CO2 
emissions  
(tons/day) 
Reductions 
in CO2 
emissions  
(tons/day) 
% of 
Reduction 
in CO2 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 403.0 0.0 0.0 657,307 0 0.0 
2,000 327.4 75.6 18.8 610,018 47,289 7.2 
10,000 245.3 157.7 39.1 557,216 100,091 15.2 
25,000 227.2 175.8 43.6 542,067 115,240 17.5 
50,000 225.6 177.4 44.0 537,894 119,413 18.2 
 
Tier 2: CO2 price = $10/ton 
0 308.7 94.2 23.4 535,341 121,966 18.6 
2,000 289.6 113.4 28.1 533,542 123,765 18.8 
10,000 251.6 151.4 37.6 530,031 127,276 19.4 
25,000 234.0 168.9 41.9 529,219 128,088 19.5 
50,000 229.8 173.2 43.0 530,133 127,174 19.3 
 
Tier 3: CO2 price = $25/ton 
0 304.2 98.7 24.5 515,493 141,814 21.6 
2,000 294.8 108.2 26.8 515,440 141,867 21.6 
10,000 269.7 133.3 33.1 516,715 140,592 21.4 
25,000 248.4 154.5 38.4 520,192 137,115 20.9 
50,000 236.8 166.2 41.2 523,738 133,569 20.3 
 
Tier 4: CO2 price = $50/ton 
0 305.2 97.8 24.3 510,187 147,120 22.4 
2,000 299.4 103.5 25.7 510,359 146,947 22.4 
10,000 282.3 120.7 29.9 510,616 146,690 22.3 
25,000 282.6 120.3 29.9 510,350 146,956 22.4 
50,000 248.4 154.6 38.4 517,548 139,758 21.3 
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Table C- 17: SOx and Hg daily emissions rates in tons/day, reductions and percentage of 
reduction in NOx and CO2 emissions for each scenario relative to the base case. 
NOx 
Price 
($/ton) 
SO2 
emissions  
(tons/day) 
Reductions 
in SO2 
emissions  
(ton/day) 
% of 
Reduction 
in SO2 
emissions 
Hg 
emissions  
(Ib/day) 
Reductions 
in Hg 
emissions  
(Ib/day) 
% of 
Reduction 
in Hg 
emissions 
 
Tier 1: CO2 price = $0/ton 
0 265.7 0.0 0.0 20.3 0.0 0.0 
2,000 208.1 57.5 21.7 15.6 4.7 23.2 
10,000 130.3 135.4 51.0 8.1 12.2 60.3 
25,000 102.1 163.6 61.6 5.5 14.8 73.0 
50,000 93.7 172.0 64.7 4.7 15.6 77.0 
 
Tier 2: CO2 price = $10/ton 
0 123.6 142.1 53.5 6.0 14.3 70.3 
2,000 115.0 150.7 56.7 5.7 14.6 71.9 
10,000 96.9 168.8 63.5 4.7 15.6 76.7 
25,000 87.2 178.5 67.2 4.2 16.1 79.5 
50,000 85.5 180.2 67.8 4.0 16.3 80.3 
 
Tier 3: CO2 price = $25/ton 
0 87.7 178.0 67.0 3.1 17.2 84.9 
2,000 86.8 178.9 67.3 3.0 17.2 85.0 
10,000 80.1 185.5 69.8 3.1 17.2 84.9 
25,000 79.0 186.6 70.3 3.2 17.1 84.2 
50,000 77.4 188.2 70.9 3.4 16.9 83.4 
 
Tier 4: CO2 price = $50/ton 
0 74.1 191.6 72.1 2.2 18.1 89.2 
2,000 73.8 191.9 72.2 2.2 18.1 89.1 
10,000 70.3 195.4 73.5 2.2 18.1 89.4 
25,000 70.3 195.4 73.5 2.1 18.1 89.4 
50,000 72.0 193.7 72.9 2.7 17.6 86.6 
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Table C- 18: Percentage of reductions in water consumption for alternative redispatching 
scenarios relative to the base case. 
NOx 
price 
($/ton) 
Daily water 
consumption 
(x1000 
m
3
/day) 
% of 
reduction in 
water 
consumption 
Savings in 
total water 
consumption 
(x1000 
m
3
/day) 
Human 
equivalent  
 
Tier 1: CO2 price = $0/ton 
0 1501 0.0 0 0 
2,000 1452 -3.3 49 93,389 
10,000 1398 -6.9 103 194,957 
25,000 1385 -7.7 116 218,280 
50,000 1380 -8.1 121 229,017 
 
Tier 2: CO2 price = $10/ton 
0 1420 -5.4 81 153,147 
2,000 1404 -6.5 97 182,979 
10,000 1378 -8.2 123 231,979 
25,000 1370 -8.7 131 246,776 
50,000 1372 -8.6 129 243,864 
 
Tier 3: CO2 price = $25/ton 
0 1408 -6.2 93 176,324 
2,000 1399 -6.8 102 193,313 
10,000 1382 -7.9 119 225,134 
25,000 1371 -8.7 130 246,024 
50,000 1369 -8.8 132 249,617 
 
Tier 4: CO2 price = $50/ton 
0 1403 -6.5 98 184,542 
2,000 1400 -6.7 101 191,085 
10,000 1390 -7.4 111 209,250 
25,000 1393 -7.2 108 203,954 
50,000 1370 -8.8 131 248,051 
 
  
292 
 
Table C- 19 Percentage of reduction in NOx, CO2, SOx and Hg emission rates under the 
NOx allowance price of $2000/ton for the six days chosen for the simulations. 
Date 
ERCOT 
Load 
(MWh) 
Max. 
8-hr 
O3 
conc. 
Max NOx 
Reduction 
$2000/ton 
Max CO2 
Reduction 
$2000/ton 
Max SOx 
Reduction 
$2000/ton 
Max Hg 
Reduction 
$2000/ton 
25-Oct-08 675,321 97 36.5 17.6 39.1 46.1 
4-May-08 703,891 79 35.4 16.8 37.3 45.4 
2-Oct-08 826,136 104 30.5 13.1 33.3 38.4 
4-Sep-08 970,283 115 25.5 10.6 30.2 33.3 
20-May-08 1,004,196 93 23.8 9.7 28.3 30.9 
4-Aug-08 1,147,394 101 18.8 7.2 21.6 23.1 
 
 
 
Table C- 20: Percentage of reduction in NOx, CO2, SOx and Hg emission rates under the 
NOx allowance price of $10,000/ton for the six days chosen for the simulations. 
Date 
ERCOT 
Load 
(MWh) 
Max. 
8-hr 
O3 
conc. 
Max NOx 
Reduction 
$10000/ton 
Max CO2 
Reduction 
$10000/ton 
Max SOx 
Reduction 
$10000/ton 
Max Hg 
Reduction 
$10000/ton 
25-Oct-08 675,321 97 62.6 32.5 75.9 89.9 
4-May-08 703,891 79 61.9 31.6 76.3 89.6 
2-Oct-08 826,136 104 57.3 26.8 72.8 85.3 
4-Sep-08 970,283 115 50.4 21.6 65.0 75.8 
20-May-08 1,004,196 93 47.5 19.8 61.1 71.4 
4-Aug-08 1,147,394 101 39.1 15.2 50.9 60.3 
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Table C- 21: Percentage of reduction in NOx, CO2, SOx and Hg emission rates under the 
NOx allowance price of $25,000/ton for the six days chosen for the simulations. 
Date 
ERCOT 
Load 
(MWh) 
Max. 
8-hr 
O3 
conc. 
Max NOx 
Reduction 
$25000/ton 
Max CO2 
Reduction 
$25000/ton 
Max SOx 
Reduction 
$25000/ton 
Max Hg 
Reduction 
$25000/ton 
25-Oct-08 675,321 97 65.3 33.8 76.3 92.9 
4-May-08 703,891 79 64.4 32.6 76.6 92.3 
2-Oct-08 826,136 104 60.3 28.1 79.1 90.4 
4-Sep-08 970,283 115 55.4 23.8 75.8 86.4 
20-May-08 1,004,196 93 52.6 22.1 72.8 83.2 
4-Aug-08 1,147,394 101 43.6 17.5 61.6 73.0 
 
 
 
Table C- 22: Percentage of reduction in NOx, CO2, SOx and Hg emission rates under the 
NOx allowance price of $50,000/ton for the six days chosen for the simulations. 
Date 
ERCOT 
Load 
(MWh) 
Max. 8-
hr O3 
conc. 
Max NOx 
Reduction 
$50000/ton 
Max CO2 
Reduction 
$50000/ton 
Max SOx 
Reduction 
$50000/ton 
Max Hg 
Reduction 
$50000/ton 
25-Oct-08 675,321 97 66.7 34.1 76.4 94.7 
4-May-08 703,891 79 65.6 32.9 76.8 94.6 
2-Oct-08 826,136 104 61.0 28.4 79.3 92.4 
4-Sep-08 970,283 115 56.0 24.1 79.4 88.9 
20-May-08 1,004,196 93 53.3 22.7 76.6 86.9 
4-Aug-08 1,147,394 101 44.0 18.2 64.7 77.0 
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Appendix D: The Effects of Market-Oriented Price Signals for NOx 
and CO2 on Emissions at Power Generation System in the Texas 
Grid 
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INTRODUCTION 
A variety of market-based policies, such as cap-and-trade programs, have been 
used to reduce emissions from electric power generation. For example, the Acid Rain 
Program, which sets a regional cap on SO2 emissions from power plants, had by 2008, 
reduced SO2 emissions by 56% compared to 1980 levels.
1
 The NOx Budget Trading 
Program reduced ozone season NOx emissions by 43% between 2003 and 2008.
2
 
Additional emission reductions, through trading programs, may occur through policies 
such as the Cross-State Air Pollution Rule, which could reduce NOx and SOx emissions 
in 27 eastern states.
3
 
In market-based systems, as emission prices increase, the relative dispatch order 
of electricity generation changes so that lower emitting plants are more preferred, relative 
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to higher emitting plants.  In general, analyses examining the impacts of emission pricing 
on emission rates have examined variations in the pricing of just one type of emission 
(e.g., Alhajeri, et al.)
4
.  In this work, the impact on emission rates of changes in emissions 
prices for both CO2 and NOx are examined using the grid of the Electricity Reliability 
Council of Texas (ERCOT) as a case study.  
METHODS 
The computational framework for applying market-based environmental signals 
to dispatch electricity generation within ERCOT has been described by Alhajeri et al 
4
.  
Alhajeri et al. 
4
 investigated a day with moderate electricity demand; the work presented 
here simulated the highest demand day in 2008.  The total ERCOT load over the 24 h 
period on August 4
th
 was 1150 GWh, and the peak hourly demand was 62 GWh  from 
5:00 to 6:00 PM.
5
 An electric power model, the PowerWorld Simulator Version 16
6
 
simulated the response of the Electricity Generation Units (EGUs) to demand as it 
changed hourly. The model accounts for NOx and CO2 emissions prices, fuel costs and 
fixed and variable operating and maintenance costs. The model also accounts for line 
losses, transmission line capacities and maximum and minimum power level in each 
EGU. More details on the model constraints and the objective function can be found in 
Alhajeri et al
4
.  
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Results and Discussion 
Market-based environmental pricing has the potential to simultaneously reduce 
NOx and CO2, even on the highest electricity demand day of 2008. At high demand 
levels, there is less unused capacity, resulting in less flexibility in redispatching; this 
minimizes the reductions that can be achieved. As demand decreases, flexibility 
increases, and greater emission reductions are achieved at each emission pricing level. 
Table D - 1 shows the changes in NOx and CO2 emissions as well as the additional 
benefits in SO2 and Hg emissions and water consumption relative to the base case (NOx 
and CO2 prices of $0/ton) for the high demand day. 
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Table D - 1: Percentages of Reductions in NOx, CO2, SOx and Hg Emissions and Water 
Consumption Relative to the Base Case. 
NOx 
price 
($/ton) 
Reduction 
in NOx 
emissions 
(%) 
Reduction 
in CO2 
emissions 
(%) 
Reduction 
in SO2 
emissions 
(%) 
Reduction 
in Hg 
emissions 
(%) 
Reduction in 
water 
consumption 
(%) 
 
CO2 price = $0/ton 
0 0.0 0.0 0.0 0.0 0.0 
2,000 18.8 7.2 21.7 23.2 3.3 
10,000 39.1 15.2 51.0 60.3 6.9 
25,000 43.6 17.5 61.6 73.0 7.7 
50,000 44.0 18.2 64.7 77.0 8.1 
 
CO2 price = $10/ton 
0 23.4 18.6 53.5 70.3 5.4 
2,000 28.1 18.8 56.7 71.9 6.5 
10,000 37.6 19.4 63.5 76.7 8.2 
25,000 41.9 19.5 67.2 79.5 8.7 
50,000 43.0 19.3 67.8 80.3 8.6 
 
CO2 price = $25/ton 
0 24.5 21.6 67.0 84.9 6.2 
2,000 26.8 21.6 67.3 85.0 6.8 
10,000 33.1 21.4 69.8 84.9 7.9 
25,000 38.4 20.9 70.3 84.2 8.7 
50,000 41.2 20.3 70.9 83.4 8.8 
 
CO2 price = $50/ton 
0 24.3 22.4 72.1 89.2 6.5 
2,000 25.7 22.4 72.2 89.1 6.7 
10,000 29.9 22.3 73.5 89.4 7.4 
25,000 29.9 22.4 73.5 89.4 7.2 
50,000 38.4 21.3 72.9 86.6 8.8 
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The base case has NOx and CO2 emissions rates of 403 and 657,307 (ton/day) 
respectively. Reductions in NOx emissions rates ranged from 75.6 to 177.4 (ton/day); 
while reductions in CO2 emissions rates ranged from 47,290 to 147,000 (ton/day). The 
reductions are due to dispatching electricity from high to low NOx and CO2 emitting 
facilities; mainly from coal-fired electric generation units to natural gas-fired electric 
generation units. The price signals change the relative merit order of the generating 
facilities lowering the dispatch order of high NOx and CO2 emitting units relative to low 
NOx and CO2 emitting units. For the range of NOx and CO2 prices considered, SOx and 
Hg reductions ranged from 57.5 to 195.4 (ton/day) and 4.7 to 18.1 (lb/day) respectively. 
In addition, electricity redispatching due to imposing higher NOx and CO2 emissions 
prices has the ability to reduce total water consumption by as much as 49 to 132 (x1000 
m
3
/day).  
The imposition of higher CO2 prices affects the response of the system to NOx 
prices, causing less NOx reductions (at similar NOx price levels) compared to scenarios 
without CO2 pricing. As carbon price increases, the CO2 emissions change the relative 
merit order so that electricity is dispatched from high carbon emitting facilities to low 
carbon emitting facilities.  Figure D - 1 shows that as carbon price increases, at the same 
NOx price level, the percentage of reduction in NOx emissions decreases relative to that 
with carbon price of $0/ton, except at a zero price for NOx. In this case the NOx 
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reduction first increases when the cost of carbon raises from $0/ton to $10/ton, then 
descends with continued increased cost of carbon emissions. 
 
Figure D - 1: The Trade-off between NOx Reductions and the Increased Price of Carbon 
Emissions.  
 
The total cost of generation and emissions was also estimated for each scenario 
and the base case. Figure D - 2 shows the total cost, separated into emission (permit) 
costs and changes in generation (fuel and operating) costs. The generation cost increases 
up to 21% relative to the base case due to the higher fuel price of natural gas 
($3.87/MMBTU in this study) relative to coal ($1.89/MMBTU). As expected the permit 
cost increases as the NOx and/or CO2 prices increase. 
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Figure D - 2: Emission Pricing and Generation Costs.  
 
 
SUMMARY: 
The results presented here indicate that using market based environmental signals 
to dispatch electricity from high emitting facilities to low emitting facilities has the 
potential to reduce NOx and CO2 emissions rates even at peak demand hours. Maximum 
NOx and CO2 reductions achieved over the 24 h period were 44% and 22.4% 
respectively (with higher reductions during average demand hour and lower reductions 
during peak demand hour).  There are also co-benefits associated with these reductions 
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which include reductions in SOx and Hg emissions and in water use.  However, the 
results showed that there are some trade-offs between NOx emissions and CO2 emissions 
prices. In general, increased prices of CO2 reduce the maximum NOx reductions that can 
be achieved compared to scenarios with no carbon price. 
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Appendix E: Maximum Differences in 1-hour Ozone Concentration 
 
 
Figure E - 1: Maximum reductions in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $2,000/ton trading scenario and (b and d) across-the-board 
Scenario 1 for both June 1 and 13, 2006, respectively. 
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Figure E - 2: Maximum reductions in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $10,000/ton trading scenario and (b and d) across-the-board 
Scenario 2 for both June 1 and 13, 2006, respectively. 
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Figure E - 3: Maximum reductions in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $25,000/ton trading scenario and (b and d) across-the-board 
Scenario 3 for both June 1 and 13, 2006, respectively. 
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Figure E - 4: Maximum reductions in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $50,000/ton trading scenario and (b and d) across-the-board 
Scenario 4 for both June 1 and 13, 2006, respectively. 
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Figure E - 5: The maximum reductions in ozone concentrations in the subsequence day of 
NOx reductions for the $2,000/ton trading scenario and across-the-board Scenario 1.  
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Figure E - 6: The maximum reductions in ozone concentrations in the subsequence day of 
NOx reductions for the $10,000/ton trading scenario and across-the-board Scenario 2. 
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Figure E - 7: The maximum reductions in ozone concentrations in the subsequence day of 
NOx reductions for the $25,000/ton trading scenario and across-the-board Scenario 3. 
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Figure E - 8: The maximum reductions in ozone concentrations in the subsequence day of 
NOx reductions for the $50,000/ton trading scenario and across-the-board Scenario 4. 
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Figure E - 9: Maximum increases in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $2,000/ton trading scenario and (b and d) across-the-board 
Scenario 1 for both June 1 and 13, 2006, respectively. 
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Figure E - 10: Maximum increases in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $10,000/ton trading scenario and (b and d) across-the-board 
Scenario 2 for both June 1 and 13, 2006, respectively. 
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Figure E - 11: Maximum increases in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $25,000/ton trading scenario and (b and d) across-the-board 
Scenario 3 for both June 1 and 13, 2006, respectively. 
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Figure E - 12: Maximum increases in 1-hour ozone concentration in the East Texas 
domain for (a and c) the $50,000/ton trading scenario and (b and d) across-the-board 
Scenario 4 for both June 1 and 13, 2006, respectively. 
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Appendix F:  The Uncertainty Associated with the Integrated 
Model 
The modeling performed as part of this thesis results in a series of projections of 
the response of the ERCOT electrical grid to market signals of emission pricing, and to 
natural stresses such as drought.  The response of the grid is then characterized in terms 
of emissions and water use.  The models used in performing the predictions are complex 
and have many input parameters, so establishing quantitative uncertainty estimates for the 
predictions made in this thesis is difficult.  Nevertheless, the uncertainties associated with 
the main features of the modeling done in this work – predicted shifts in generation 
patterns and the emission and water use changes associated with those shifts – can be 
assessed qualitatively and semi-quantitatively.    
1. Uncertainty in Generation Patterns 
Throughout this work, increases in emission pricing consistently shifts generation 
in ERCOT from coal fueled units to natural gas fueled units.  Although the exact 
dispatching order may be subject to uncertainty, the general characteristic of shifting 
from coal to natural gas is deemed highly certain based on the distribution of NOx and 
CO2 emission rates for coal and natural gas units.  The most significant factor in 
predicting the magnitude of the generation shifting, from coal to natural gas, is likely to 
be the relative prices of the two fuels.   For example, low natural gas prices would act to 
change the relative dispatch order (or merit order), lowering the merit order of coal-fired 
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units relative to natural gas fired-units. But with a sufficient increase in natural gas prices, 
the least-cost ordering of the generating units can make natural gas fired-units relatively 
more expensive and coal-fired units relatively less expensive, even under emission 
pricing scenarios.  As part of future work planned to follow-up on the work presented in 
this thesis, the response of ERCOT dispatching to natural gas pricing will be examined.  
2. Uncertainty of Emissions Factors: 
Once a dispatch order is determined, additional uncertainties may result from 
uncertainties in reported emission rates.  Appendix B is effectively an uncertainty 
analysis of the impacts of different NOx, SOx, CO2 and Hg emissions factors (lb/MWh) 
(i.e. Appendix B Compares the analyses of 2005 eGRID to those of 2007 eGRID based 
on the variation in emissions factors). Based on these analyses, it is concluded that the 
findings reported are robust. Comparison of the Tables and Figures shows that the 
percentage changes in emissions and water use, predicted using the two databases, are 
similar at various NOx pricing levels. That is, similar responses (percentage emission 
reductions) are predicted when the analyses are conducted using 2005 and 2007 eGRID 
data.   
In general, the emissions factors reported in this study have high degree of 
accuracy because data for air pollutant emissions (for example, nitrogen oxides (NOx) 
and sulfur dioxide (SO2)) were developed based on measured hourly emissions for the 
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Texas electricity generation units that reported to the EPA's Clean Air Markets Division 
under the Acid Rain program (ARP) and the Ozone Season Daily (OSD) emissions data. 
Under the Acid Rain Program, the Environmental Protection Agency (EPA) requires 
affected sources to perform continuous emissions monitoring for SO2, NOx, and other 
related pollutants (EPA, 2011). 
3. Uncertainty of Water Consumption Factors: 
The uncertainty associated with water consumption factor is itself uncertain 
because the water consumption factor in the Texas Water Development Board (TWDB) 
report, described by King et al. (2008), estimates the water consumption for the whole 
power plant.  It was assumed, in the study presented here, that all the electric generation 
units in the same power plant facility would have identical consumption factors. 
However, Water consumption factor (gal/KWh) for each power plant accounts for the 
given fuel type, prime mover (e.g. Natural Gas Combined Cycle (NGCC), Steam Turbine 
(ST), Gas Turbine (GT), etc.) and cooling system which would reduce the level of 
uncertainty.  
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